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I .  

SECTION I 

PROGRAN SUIU*ARY 

1 . 0  INTRODUCTION 
T h i s  r e p o r t  on J P L  C o n t r a c t  Number 951228 c o v e r s  t h e  p e r i o d  from 

28 September 1965 t o  27 Nay 1966. The c o n t r a c t  was conceriieJ w i t h  t h e  

d e s i g n  and f a b r i c a t i o n  of two cesium r e s e r v o i r  c o n t r o l  u n i t s  fo r  therm- 

i o n i c  d i o d e s .  T a s k  I covered t h e  d e s i g n  e f f o r t ,  i n c l u d i n g  t h e  r c a s u r e -  

ment of  pa rame te r s  n e c e s s a r y  f o r  an e f f e c t i v e  c o n f i s u r a t i o n .  TasL I1 

i n c l u d e d  t h e  f a b r i c a t i o n  and t e s t i n g  of t h e  two c o n t r o l  u n i t s .  

The c o n t r o l  u n i t s  were of  two t y p e s :  a c t i v e  and p a s s i v e .  Tl.ey 

a r e  e a s i l y  a t t a c l i e d  o r  renoved f r o m  t l le EOS o r  J P L  the rmion ic  con- 

v e r t e r s .  Tiie a c t i v e  c o n t r o l  c o n s i s t s  of  a h e a t e r  and t h e r m a l  sensor 

combined i n t o  a u n i t  s t r u c t u r e  and f i t t e d  w i t h  s u i t a b l e  mountin:; h a r d -  

ware f o r  attacl1r:eut t o  the d iude  r e s e r v o i r .  To r e  : u l a t e  t h e  re:-ervc i r  

t e m p e r a t u r e  , tlie s i p a l  f r o n  t h e  seilsor c o n t r o l s  t:lc o u t p u t  of an 

e l e c t r o n i c  power s o u r c e .  

The p a s s i v e  c o n t r o l  c o n s i s t s  of a vane-type r a d i a t i o n  s h i e l d  

mounted on tlie r e s e r v o i r .  The p o s i t i o n  o f  t h e  s h i e l d ,  a s  governed b y  

a b i m e t a l l i c  e lement  , w i l l  c o n t r o l  t h e  t ec ipe ra tu re  o f  t h e  r e s e r v o i r  by  

v a r y i n g  tlie amount of  t he rma l  energy r a d i a t e d  f r o n  tlle s u r f a c e .  

1 . 0 . 1  Purpose  and Scope 

Tlie purpose of  t h i s  progran’ was t o  i n v e s t i g a t e  t h e  f e a s i -  

b i l i t y  of  malting a p a s s i v e  r e s e r v o i r  c o n t r o l  which w i l l  a d e q u a t e l y  

c o n t r o l  t h e  r e s e r v o i r  t c r i p e r a t u r e  of t h e  the rmion ic  c o n v e r t e r  w i t h o u t  

tlie :iced f o r  any e l e c t r i c a l  power i n p u t .  In a d d i t i o n ,  an  e l e c t r i c a l  

c o n t r o l  which i s  coinpat ible  w i t h  f l i g h t  hardware was f a b r i c a t e d .  Tiie 

s c o p e  of tl ,e prozrarn invo lved  t h e  g e n e r a t i o n  of t h e  c o n c e p t s  i n v o l v i n g  

t h e  d e s i g n ,  n a h i n g  p r o t o t y p e s ,  and t e s t i n g  them on a c t u a l  c o n v e r t e r s  

unde r  normal o p e r a t i n g  c o n d i t i o n s .  



1 .C . 2  Requirements (Program Ground R u l e s )  

The r equ i r emen t s  of t h i s  program a s  a p p l i e d  t o  t h e  a c t i v e  

and t h e  p a s s i v e  c o n t r o l  a r e  o u t l i n e d  below f o r  each  t y p e .  

1 . 0 . 2 . 1  A c t i v e  C o n t r o l  

The h e a t e r  s enso r  p o r t i o n  of  t h e  a c t i v e  c o n t r o l  

w i l l  i n c l u d e  t h e  f o l l o w i n g  c o n s i d e r a t i o n s :  

1. The c o n t r o l  u n i t  s h a l l  be  a d a p t a b l e  t o  t h e  r e s e r v o i r  diame- 

ters of t h e  c o n v e r t e r s  t o  be s u p p l i e d  by JPL and s h a l l  be 

e a s i l y  removable from the c o n v e r t e r .  

2 .  The c o n t r o l  u n i t  s h a l l  u s e  a r e s i s t o r - t y p e  element  a s  a s e n -  

s o r  which s h a l l  be e a s i l y  removable and a d a p t a b l e  f o r  use 

w i t h  t h e  h e a t e r .  The c o n t r o l  u n i t  d e s i g n  s h a l l  i n c o r p o r a t e  

components capab le  of  r e l i a b l e  o p e r a t i o n  o v e r  a 1 - y e a r  p e r i o d  

of con t inuous  u s e .  The e l e c t r o n i c  c o n t r o l  p o r t i o n  of t h e  

a c t i v e  c o n t r o l  must be  b u i l t  acco rd ing  t o  t h e  f o l l o w i n g  con- 

s i d e r a t i o n s :  

a .  The c o n t r o l  u n i t  s h a l l  have t h e  c a p a b i l i t y  o f  a t e m -  

p e r a t u r e  ad jus tmen t  of 50 c1er:rees when t h e  r e s e r v o i r  

i s  a t  325-degree and sha l l  b r i n g  the r e s e r v o i r  t o  a 

g iven  t e r ipe ra tu re  w i t h i n  10 minu tes  t o  a n  accu racy  

of  r5 d e g r e e s .  

b .  The power i n p u t  t o  t h e  h e a t e r  s h a l l  be a maximum of  

5 w a t t s  from a power sou rce  o p e r a t i n g  w i t h  a 440-Hz 
squa re  wave. The s t andby  power consumed by t11e con- 

t r o l  u n i t  s h a l l  be less  than  2 m i l l i w a t t s .  

c .  A screw-type ad jus tmen t  s h a l l  be  p rov ided  t o  a d j u s t  
0 

t h e  t e m p e r a t u r e  l e v e l  between 325 and 375 C .  A ground 

coimand f e a t u r e  can be i n c o r p o r a t e d  t o  t u r n  o f f  t h e  

cesium r e s e r v o i r  c o n t r o l  a s  d e s i r e d .  Tlie t o t a l  weight 

of t h e  h e a t e r  e l emen t ,  e l e c t r o n i c s ,  and o t h e r  p a r t s  of 

t h e  c o n t r o l  u n i t  s h a l l  be less than  G ounces f o r  each  

c o n v e r t e r  e x c l u s i v e  of t h e  l e a d s  from t h e  c o n v e r t e r  
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t o  t h e  e l e c t r o n i c s  and mounting s t r u c t u r e  f o r  t h e  

e l e c t r o n i c s .  

1 .O . 2 . 2  P a s s i v e  C o n t r o l  

The d e s i g n  of a c e s i u n  r e s e r v o i r  p a s s i v e  c o n t r o l  

u n i t  u s i n g  a b i m e t a l l i c  e l e -en t  and s u i t a b l e  placement o f  r a d i a t i o n  

s h i e l d s  sliould adhe re  t o  t h e  fo l lowing  c o n s i d e r a t i o n s :  

1. The c o n t r o l  u n i t  s h a l l  be  a d a p t a b l e  t o  t h e  c o n v e r t e r s  sup-  

p l i e d  by JPL and s h a l l  be e a s i l y  removable.  

The c o n t r o l  u n i t  s h a l l  be c o m p l e t e l y  a u t o m a t i c ,  m a i n t a i n i n g  

the t e m p e r a t u r e  of t h e  r e s e r v o i r  a t  a g iven  l e v e l  w i t h i n  1-5 C 
when t h e  n a t u r a l  t empera tu re  o f  the r e s e r v o i r  (w i thou t  t h e  

c o n t r o l  u n i t )  v a r i e s  from 325 t o  375 C .  

2 .  
0 

0 

3 .  Tl ie  t o t a l  weight  of t h e  c o n t r o l  u n i t  s h a l l  be less  than  3 

ounces p e r  c o n v e r t e r  and s h a l l  o p e r a t e  w i t h o u t  e x t e r n a l  

power. Bot11 t h e  a c t i v e  and p a s s i v e  c o n t r o l  u n i t s  s h a l l  

i n c o r p o r a t e ,  i f  p o s s i b l e ,  components c a p a b l e  o f  r e l i a b l e  

o p e r a t i o n  o v e r  a 1 -yea r  p e r i o d  of  c o n t i n u o u s  u s e .  Each con- 

t r o l  u n i t  s h a l l  be t e s t e d  by b e i n g  a t t a c h e d  t o  a c o n v e r t e r  

s u p p l i e d  by JPL and o p e r a t i n g  t h e  c o n t r o l  u n i t / c o n v e r t e r  

combinat ion i n  a l a b o r a t o r y  t e s t  f a c i l i t y .  Each u n i t  s h a l l  

have demonstrated o p e r a t i o n  f o r  n o t  l ess  t h a n  24 h o u r s  p r i o r  

t o  accep tance  and d e l i v e r y .  

1 .0 .3  Plethod of A t t a c k  

The method of a t t a c k  used t o  meet t h e  c o n d i t i o n s  o u t l i n e d  

above was a s  f o l l o w s :  Concepts  were developed f o r  b o t h  t h e  a c t i v e  and 

p a s s i v e  c o n t r o l s  which were a b l e  t o  meet tlie above r equ i r emen t s  which 

a t  tlic sane t h e  were compa t ib l e  Fiith e x i s t i n g  t e c h n o l o g y .  Measure- 

ments  were t a k e n  of v a r i o u s  the rma l  c o n s t a n t s  t o  s u p p l y  d a t a  t h a t  were 

l a c k i n g .  From the d a t a  and t h e  c o n c e p t s ,  d e s i g n s  were e v o l v e d ,  b u i l t ,  

and t e s t e d .  The r e s u l t s  were then  compared wi th  t h e  d e s i r e d  program 

g o a l s .  
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1 .C .4 Concepts  Cons ide red  

1 . C .  ‘t .1 A c t i v e  C o n t r o l  

A r a t h e r  l a r g e  number of c o n c e p t s  was c o n s i d e r e d  

i n  t h e  e a r l y  p o r t i o n  of t h e  pro::ram. The a c t i v e  c o n t r o l  was t h e  s i m -  

p l e s t  i n  concept  and c o n s i s t e d  of  a h e a t e r  and t l iermo-sensor combined 

i n t o  a s i n g l e  s t r u c t u r e  and f i t t e d  w i t h  s u i t a b l e  mounting hardware f o r  

a t t achmen t  t o  t h e  d i o d e  r e s e r v o i r .  To  r e g u l a t e  t h e  r e s e r v o i r  tempera-  

t u r e ,  a s i g n a l  from t h e  s e n s o r  c o n t r o l l e d  t h e  o u t p u t  of an e l e c t r o n i c  

power s o u r c e .  Very l i t t l e  v a r i a t i o n  from t h i s  concept  occur red  d u r i n g  

t h e  c o u r s e  of t h e  program and t h e  f i n a l  c o n t r o l  i s  e s s e n t i a l l y  t h a t  

which was v i s u a l i z e d  o r i g i n a l l y .  

l . C . ’ + . Z  P a s s i v e  C o n t r o l  

The p a s s i v e  c o n t r o l ,  on t h e  o t h e r  hand,  b e i n g  a 

much more d i f f i c u l t  and s o p h i s t i c a t e d  d e v i c e ,  was s t u d i e d  i n  rnucli 

g r e a t e r  d e p t h .  Piany methods were c o n s i d e r e d  and i n c l u d e d  t o r s i o n  

c o n t r o l l e d  d e v i c e ,  r o t a t i n g  s h u t t e r  d e v i c e ,  l i n e a r  b i m e t a l l i c  e l e m e n t ,  

t r a p e z o i d a l  c a n t i l e v e r ,  and two t y p e s  of s p i r a l  b i m e t a l l i c  e l e m e n t s .  

Tliese c o n c e p t s  and t h e i r  advantages and d i s a d v a n t a g e s  a r e  o u t  l i n e d  

be l o w .  

OUTTJINE OF TIETHODS CONSIDERED 

1. T o r s i o n  C o n t r o l l e d  - F i , ? .  1-1 

Advantages 

C y l i n d r i c a l  symmetry and mechan ica l  ruggedness  

P r ob l e m s  

1. A c t u a t i n g  nechanisms a s  shorm w i l l  n o t  produce t h e  

d e s i r e d  a n g l e  of twist w i t h  such a s m a l l  amount of 

m a t e r i a l .  

2 .  C y l i n d r i c a l l y  symmetr ical  geometry a s  shown canno t  

e a s i l y  be  mounted on t u b u l a t i o n  a s  sliown because of  

s p r e a d  of exliaust  p i n c h - o f f ,  and danger  of damaging 

f r a g i l e  f e a t h e r - e d g e  . 

7 0 1 1 -F i na 1 
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3 .  S i n c e  a l l  b i r - e t a l l i c  e l c - i e n t s  respond t o  t empera tu re  

c1lan::cs o n l y ,  mounting of t l  e a c t u a t i n g  e l e m e n t s  on 

tlie r e s e r v o i r  end w i l l  n o t  work. Any change i n  vane 

p o s i t i o n  can be acconpl is l ied o n l y  by 3 t empera tu re  

change .  ThereTore,  fc\r c o n s t a n t  r e s e r v o i r  t e m p e r a t u r e ,  

t l i e r e  i s  c o n s t a n t  vane p o s i t i o n .  C o n v e r s e l y ,  f o r  v a r i -  

a b l e  vane p o s i t i o n  ( v a r i a b l e  e m i s s i v i t y ) ,  t h e r e  i s  t h e  

accompanying v a r i a b l e  r e s e r v o i r  t e m p e r a t u r e .  

E x t e n s i o n  of mechanism a l o n g  t h e  a x i s  of t u b u l a t i o n  

t h e o r e t i c a l l y  can  s o l v e  problem 3 f o r  t h e  EOS con-  

v e r t e r  b u t  i n  p r a c t i c e  t h e  a v a i l a b l e  c l e a r a n c e  i s  i n -  

a d e q u a t e .  Such e:..:eiision i s  i m p o s s i b l e  f o r  t l t e  J P L  

c o n v e r t e r  due t o  tlle s p i d e r  used f o r  a v i b r a t i o n  snubber .  

4 .  

D i s p o s i t i o n  

R e j e c t e d  a s  a n  u n s u i t a b l e  approach 

2 .  R o t a t i n z  S l i u t t e r  - F i z .  1 - 2  

Advant apes  

C y 1 i n d  1: i c a 1 s yrme t r y and m e  cli an i c a 1 rug sc dn e s s 

Problems 

1. A c t u a t i n g  mechanisms a s  shown w i l l  n o t  produce t h e  

d e s i r e d  a n g l e  of t w i s t  w i th  such a s m a l l  anount  o f  

b i m e t a l l i c  m a t e r i a l .  

C y l i n d r i c a l l y  symmetr ical  Geometry a s  shown canno t  

e a s i l y  be  mounted on t u b u l a t i o n  a s  shown because  of 

s p r e a d  of e x h a u s t  p i n c h - o f f ,  and dange r  of damaging 

f r a g i  l e  f e a t h e r  -edge. 

S i n c e  a l l  b i n i e t a l l i c  e l e m e n t s  respond t o  t empera tu re  

changes o n l y ,  mounting of t h e  a c t u a t i n g  e l emen t s  on 

t h e  r e s e r v o i r  end w i l l  n o t  worl,. Any change i n  vane 

2. 

3 .  

p o s i t i o n  can be accomplished o n l y  by a t e m p e r a t u r e  

cliange . T h e r e f o r e ,  f o r  c o n s t a n t  r e s e r v o i r  t e m p e r a t u r e ,  

t h e r e  i s  c o n s t a n t  vane p o s i t i o n .  C o n v e r s e l y ,  f o r  v a r i a b l e  

7 c 11 -F i n a  1 6 
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vane p o s i t i o n  ( v a r i a b l e  e x i s s i v i t y )  , t h e r e  i s  t h e  

accompanyin2 v a r i a b l e  r e s e r v o i r  c o n t r o l .  

4 .  A v a i l a b l e  c l e a r a n c e  on EOS c o n v e r t e r  i nadequa te  f o r  

e x t e n s i o n  of actuatin::  e l emen t s  t o  v a r i a b l e  tempera-  

t u r e  zone. No a x i a l  e x t e n s i o n  p o s s i b l e  f o r  J P L  

c o n v e r t e r  due t o  s p i d e r .  

D i spos i t i o n  

R e j e c t e d  a s  an u n s u i t a b l e  approach 

3 .  Linear B i m e t a l l i c  Element - F i g .  1-3a 

Advantages 

Simp l i c  it y 

Problems 

1. I n s u f f i c i e n t  l i n e a r  motion a v a i l a b l e .  

2 KDS ( - T )  L 19 

= 0.009 i n .  (L  = 1 i n . )  4.5 t D =  

where 

D = d e f l e c t i o n  

K = d e f l e c t i o n  c o n s t a n t  

L = f r e e  l e n g t h  

t = t l i i ckness  

m = s p e c i f i c  d e f l e c t i o n  0 5 m:: 1 m = - D 

DF 
DF = f r e e  d e f l e c t i o n  

D i s p o s i t i o n  

R e j e c t e d  a s  an u n s u i t a b l e  approach 

4 .  T r a p e z o i d a l  C a n t i l e v e r  - F i g .  1-3b 

Advant ape s 

Simp l i c  i t  y , ruzgcdne ss 

Problems 

1. Smal l  v a r i a b l e  t empera tu re  zone ( 1  i n  long ,  maximum) 

7611 -I: i n a  1 

l i m i t s  a v a i l a b l e  motion.  Motion cou ld  be magnif ied 
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5. 

b u t  a v a i l a b l e  force  t o o  low f o r  r e p e a t a b l e  p o s i t i o n i n g  

o,f any vanes d r i v e n  by c a n t i l e v e r .  

L 
K,, (AT) L m 

t = 0.030 (L =1) S D =  

D i s p o s i t i o n  

R e j e c t e d  a s  a n  u n s u i t a b l e  approach 

S p i r a l  - F i g .  1-3c 

Advantages 

1. 

2 .  

Problems 

1. 

2 .  

3 .  

4 .  

Large a n p l a r  d e f l e c t i o n  a v a i l a b l e  w i t h  s m a l l  tempera-  

t u r e  change and s m a l l  h e a t  zone .  

Can be made i n t o  rugged a c t u a t o r .  

Angular  d e f l e c t i o n  must be a m p l i f i e d  m e c h a n i c a l l y  t o  

o b t a i n  t o t a l  d e s i r e d  n o t i o n .  

Thin m a t e r i a l  g i v e s  l a r g e s t  d e f l e c t i o n  b u t  l owes t  

t o r q u e .  

Thicl: m a t e r i a l  i s  s t r o n g  b u t  i t  i s  d i f f i c u l t  t o  g e t  

enough n a t e r i a l  i n  t h e  h o t  zone f o r  adequa te  mot ion .  

Kc L (AT) 
t 

= 30' f o r  L = 3 i n .  D(ang)  = 

By use o f  l e v e r ,  n o t i o n  can  be a m p l i f i e d  - r e q u i r e s  

a x l e  and b e a r i n g s .  

D i s p c  s i t i o n  

S p i r a l  approach i n c o r p o r a t e d  i n t o  r o t a t i n g  vane d e s i g n  sub-  

m i t t e d  f o r  a p p r o v a l .  

1. 

2 .  
Device a s  slinwn w i l l  mount cn EOS c o n v e r t e r  ( F i g .  1 - 4 ) .  

Device wi th  modif ied vane shape ,  i:ounting blocl . ,  and 

r a d i a t i o n  cone w i l l  riount on J P L  c o n v e r t e r  ( F i g .  1 - 5 ) .  
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I .  

6 .  Swinging Vane - F i g .  1-6 EOS; F i g .  1 C 7  JPL 

Advanta;:es 

1. S i m p l i c i t y ,  no p r e c i s e  bearinr;s r e q u i r e d .  

2 .  Large a n g u l a r  d e f l e c t i o n  i n  s m a l l  t cnpe ra t t ! r e  zone.  

3 .  Pleclianical a m p l i f i c a t i o n  acliieved w i t h o u t  e l a b o r a t e  

l e v e r  s y s  tern. 

4 .  E x t e n s i o n  o f  s p i r a l  can be used f o r  l e v e r  a c t u a t i n g  

the vane ,  t h u s  p rov id ing  s l i g h t  a d d i t i o n a l  motion 

due t o  c a n t i l e v e r  e f f e c t .  

Problems 

1. Long l e v e r  arm and vane may v i b r a t e  q u i t e  a b i t  d u r i n g  

mechanical  a g i t a t i o n .  However, s h o u l d  c a u s e  no  pe rma-  

n e n t  i l l  e f f e c t  o r  change i n  d e v i c e  c h a r a c t e r i s t i c s .  

2 .  R e q u i r e s  two f a s t e n i n g  p o i n t s  - one a t  b a s e  o r  r o o t  

o f  h e a t  choke and one a t  r e s e r v o i r  p rope r  ( JPL) .  

3 .  R e q u i r e s  s l o t s  i n  h e a t  s h i e l d  a s  shown i n  sLetch 

( R I A ) .  ( I lea t  s h i e l d  i t s e l f  can be used a s  anchor  

p o i n t  f o r  v a n e s ,  t h u s  e 1 i c ; i n a t i n g  one clamp .) 

4 .  Nay need v i b r a t i o n  snubber  f o r  EOS v e r s i o n .  

D i s p o s i t i o n  

Recomme:i&d a s  a l t e r n a t e  approach a d a p t a b l e  t o  b o t h  

c o n v e r t e r s .  

O f  a l l  t h e  d e s i g n s  shown above,  t h e  one i n  F i g .  

1-4 was s e l e c t e d  a s  t h e  b e s t  a l l - a r o u n d  approach .  I t  v a s  a d a p t a b l e  

t o  J P L  c o n v e r t e r  as shown i n  F i g .  1-5.  

1 .C . 5  ? , l a t e r i a l s  

Tlie m a t e r i a l s  used i n  b o t h  t h e  a c t i v e  and p a s s i v e  c o n t r o l s  

a r e  c a p a b l e  of  l o n g - l i f e  o p e r a t i o n ,  some of  which w i l l  o p e r a t e  a t  tern- 

p e r a t u r e s  i n  e x c e s s  o f  5 C C  C i n  a space environment .  T h e r e f o r e ,  o n l y  

m a t e r i a l s  of s i m i l a r  p l iy s i ca l  p r o p e r t  ies t o  t h o s e  used i n  p r e s e n t - d a y  

c o n v e r t e r  f a b r i c a t i o n  can  be c o n s i d e r e d .  F o r  t h e  e l e c t r o n i c  c o n t r o l ,  

0 
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I 

h i g h l y  r e l i a b l e  c l c c t r m i c  conponen t s  prc.;wrly a r r a n g e d  i n  a cicchani- 

c a l l y  rugged c o n t r o l  nodu le  rnust be u s e d  i f  t h e  d e s i r e d  ruggedness  and 

r e l i a b i l i t y  i s  t o  be scliieveci. A l l  of t h e  I i a t e r i a l s  used i n  t h e  con-  

s t r u c t i o n  and t e s t i n g  of t h e s e  c o l i t r o l s  f i t  tliese c r i t e r i a .  

1.1 P a s s i v e  C o n t r o l  Unit 

A p a s s i v e  c o i i t r o l  u n i t  was c o n s t r u c t e J .  T h i s  u n i t  u t i l i z e d  

a s p i r a l ,  b i m t d l l i c  d r i v i n g  e l c z e n t  n e c h a n i c a l l y  coupled t o  a vane 

which, i n  t u r n ,  c o n t r o l l e d  t h e  e f f e c t i v e  e m i s s i v i t y  of t h e  cesium 

r e s e r v o i r .  

of the vane o r  r a d i a t i o n  s h i e l d  r e l a t i v e  t o t h e  r e s e r v o i r .  Tests 

on a mock-up c o n t r o l  u s i n g  v e r y  l i z h t w e i g h t  vanes showed t h a t  t h e  

p r i n c i p l e  cou ld  be made t o  work. Ti le  a c t u a l  c o n t r o l ,  a s  d e v i s e d  

i n  t h i s  program, worked on the EOS d i o d e  i n  a less t h a n  s a t i s f a c t o r y  

r.a::ncr c l r ~  t o  s t i c l  in:: of tlie b e a r i n g s  and due tc t l l c  f a c t  t11at 

t h e  b i n c t a l l i c  e l e T - m t  r eq t i i r ed  n f a i r l y  1Ii:;li d e g r e e  of t e n p e r a t l i r e  

oversl ioot  b e f o r e  n o t i o n  occ:lrrec:. I t  was n o t  p o s s i b l e  t o  run s i m i l a r  

t e s t s  on t h e  JPL d i u J e  because of  ::iecIianical i n t e r f e r e n c e  of t h e  

r a d i a t i o n  s h i e l d  wliicli \);IS en the  JPL d i o d e .  I f  con l r e r t e r s  a r e  

made w i t h  tlle i d e a  t h a t  t l iey will be used i n  c o n j u n c t i o n  v i t h  the 

p a s s i v e  r e s e r v o i r  c o n t r o l ,  s u i t a b l e  c o n f i g u r a t i o n a l  changes on e x i s t  - 

i n g  c o n v e r t e r s  must be made t o  make t h e  a t t a c h n e n t  of p a s s i v e  c o n t r o l  

u n i t s  t o  c o n v e r t e r s  p r a c t i c a l .  H o w v e r ,  b e f o r e  such a p r a c t i c a l  con-  

t r o l  i s  r e a l i z e d  3 c o n s i d e r a b l e  m o u n t  of e f f o r t  w i l l  be r e q u i r e d  t o  

deve l o p  t i le i n t r i c a t e  mechanica 1 a m p l i f i c a t i o n  schene t h a t  i s  nece s s a r y  

t o  a c h i e v e  r e l i a b l e  c o n t r o l  of t h e  motion of a vane o r  o t h e r  e m i s s i v i t y  

c o n t r o l l i n g  eler.ient . 

The e f f e c t i v e  e m i s s i v i t y  was de t e rmined  by  t h e  p o s i t i o n  

1 . 2  A c t i v e  C o n t r o l  U n i t  

Tlie a c t i v e  c o n t r o l  u n i t  a s  c o n c e i v e d ,  d e s i g n e d ,  c o n s t r u c t e d ,  

and t e s t e d  on t h i s  program h a s  shown i t s e l f  t o  be a v e r y  r e l i a b l e  d e v i c e  

which more than  meets t h e  s p e c i f i c a t i o n s  o u t l i n e d  above .  I n  p a r t i c u l a r ,  

when o p e r a t i n g  on t h e  EOS c o n v e r t e r  wliich h a s  a l d w e r  t he rma l  n a s s  than  t h e  
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J p L  c o n v e r t e r ,  t i  c tl t i r i a l  resror.se t i1.c vds only G-7 minutes  f o r  a 

t e n p e r a t u r e  change f r t m  325 t o  375 C. 
0 

The t i r le  rccluii-cr? t o  accompl i sh  the S a m  c11an::e o f  tile JPL 

c o n v e r t e r  was 10-12 m i n u t e s .  IIoweyer, r r i t l i  a s l i g h t  i n c r e a s e  i n  porrer 

o u t p u t  t h i s  can  be r e a d i l y  r tmed ie3 .  

Tlie u n i t  i s  capab le  of  cont i  o l l i n g  t h e  t empera tu re  w i t h i n  a 

50-degree  t empera tu re  band t o  w i t h i n  5 1 / 2  deg ree  f o r  any load  changes 

which can  be impressed  upon t h e  c o n v e r t e r s .  J u s t  a s  w i t h  t h e  p a s s i v e  

c o n t r o l  u n i t ,  a c t i v e  c o n t r o l  u n i t s  must be cons ide red  a s  a permanent 

p a r t  of t h e  the rmion ic  d i o d e  c o n f i g u r a t i o n ,  and p r o v i s i o n s  should be 

made d u r i n g  tlle manufac ture  of the  d i o d e s  f o r  mounting t h e  a c t i v e  con-  

t r o l  s e n s i n g  u n i t .  
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SECTION I1 

COPTKOL UNIT D E S I G N  

2.0 INTRODUCTION 

Both t h e  a c t i v e  and p a s s i v e  c o n t r o l s  were i n i t i a l l y  conce ived  

a l o n g  t h e  s i m p l e s t  l i n e s  p o s s i b l e  and w r e  t o  be n a d e  s o  t l i a t  t h e y  

cou ld  be e a s i l y  a t t a c h e d  o r  removed from EOS o r  JPL the rmion ic  con-  

v e r t e r s .  Tlie a c t i v e  c o n t r o l  f ror i  t h e  beg inn ing  c o n s i s t e d  of a h e a t e r  

and t h e r m 1  s e n s o r  which were combined i n t o  a u n i t  s t r u c t u r e  and f i t t e d  

w i t h  s u i t a b l e  mounting hardware f o r  a t t achmen t  t o  t h e  d iode  r e s e r v o i r .  

A s i g n a l  from t h e  s e n s o r  c o n t r o l l e d  tlie o u t p u t  of an e l e c t r o n i c  power 

sou rce  t o  r e g u l a t e  tlie r e s e r v o i r  t e m p e r a t u r e .  

T h e  p a s s i v e  c o n t r o l  was e q u a l l y  s imple  i n  c o n c e p t ,  i n  t h a t  a vane 

s t r u c t u r e  was used t o  c o n t r o l  t h e  e f f e c t i v e  e m i s s i v i t y  of  t h e  r e s e r v o i r  

of  t h e  the rmion ic  d i o d e .  P r o b l e i x  a r o s e  i n  f i n d i n g  a s u i t a b l e  a c t u n t -  

i n g  conponcnt which would n o t  o n l y  o p e r a t e  a t  tlie h i g h  t empera tu res  

r e q u i r e d  b u t  FJoUld have adequate  the rma l  s e n s i t i v i t y  a t  t h e  h i g h  t e m -  

p e r a t u r e  t o  g i v e  adequa te  c o n t r o l .  One of the n a j o r  problems encoun- 

t e r e d  wi th  bo th  tlie EOS and J P L  c o n v e r t e r s  was t h e  l a c k  o f  space  f o r  

mounting tlie b i n e t a l l i c  e l e r x n t s  a t  t h e  p rope r  h o t  zone.  Because of 

tlie r a d i c a l l y  d i f f e r e n t  shapes of  t h e  r a d i a t o r s  on t h e  EOS and J P L  

c o n v e r t e r ,  i t  was v e r y  d i f f i c u l t  t o  a r r i v e  a t  a s t r u c t u r e  which was 

compa t ib l e  w i t h  b o t h  c o n v e r t e r s .  As w i l l  be  shown below, i t  was a l s o  

d i f f i c u l t  t o  f i n d  enough space  i n  t h e  h o t  zone t o  accommodate t h e  re- 

q u i r e d  lengt l i  of b i m e t a l l i c  n a t e r i a l  t o  provide  adequa te  mechanica l  

mot ion  even w i t h  a m p l i f i c a t i o n  by means of l e v e r s .  

P robab ly  tlle s i n g l e , o s t  i n p o r t a n t  c o n s i d c r a t i o n ,  however,  wllich 

c o v e r s  t h e  d e s i g n  of t h e  p q s s i v e  r e s e r v o i r  c o n t r o l  i s  t h a t  tlie b i m e t a l -  

lic c o n t r o l  e lement  must be  mounted c l o s e r  t o  tlie r e s e r v o i r  h e a t  sou rce  



I 

t h a n  t h e  t e m p e r a t u r e - c o n t r o l l e d  r e Z i o n .  The s i z n i f i c a n c e  o f  t h a t  

s t a t e m e n t  w i l l  be r e a l i z e d  by c o n s i d e r i n 2  t h e  v a r i o u s  r,lethods o u t -  

l i i ied above.  

t r o l  i n  g e n e r a l  i s  t h a t  i t  s h o ~ i l d  n o t  be desiKned a s  a mechan ica l  n u l l  

t y p e  d e v i c e .  T h i s  i s  because any b i m e t a l l i c  m a t e r i a l  when a t  tlie n u l l  

p o s i t i o n  l ias z e r o  t o r q u e .  T h e r e f o r e ,  a f a i r l y  l a r g e  AT must be r e a l -  

i z e d  b e f o r e  enough t o r q u e  i s  gene ra t ed  by t h e  b i m e t a l l i c  e l e n e n t  t o  

e f f e c t  t h e  d e s i r e d  mechan ica l  movement. 

One  a d d i t i o n a l  conren t  on t h i s  t y p e  of mechan ica l  con- 

2 . 1  P a s s i v e  C o n t r o l  

2 .1 .1  Thermal C a l c u l a t i o n s  

A l l  t he rma l  c a l c u l a t i o n s  f o r  r e s e r v o i r  h e a t  t r a n s f e r  

a r e  based on h e a t  r e j e c t i o n  by r a d i a t i o n  o n l y .  

i t y  of t h e  m j o r  a r e a  of t h e  r e s e r v o i r  i s  tile n a j o r  p a r a i w t e r  i n  t h i s  

h e a t  t r a n s f e r .  The e f f e c t i v e  e n i s s i v i t y ,  i n  t u r n ,  i s  based on s u r f a c e  

c n i s s i v i t y  and g e o r i e t r i c a l  f a c t o r s .  Tlle anount of h e a t  t h a t  can  be  

rejected by t h e  r e s e r v o i r  of a c o n v e r t e r  i s  given by t h e  r a d i a t i o n  

equa t i on 

The e f f e c t i v e  e m i s s i v -  

( 1) 
4 4  

= CA 2 ( T  - To)  
1: 2 r  

and tire amount of h e a t  conducted i n t o  t h e  r e s e r v o i r  ttirougll t h e  l i ea t  

choke i s  giveii by 

= -  *1 (Tc - Tr) 
wC AX 

I n  t l i e r n a l  e q u i l i b r i u r , ,  tlie r a d i a t e d  power n u s t  e q u a l  t h e  conducted 

power which y i e l d s  : 

4 4 
(Tc- T r )  = ’A2 i (Tr - To) 1 - w r  - w c ;  y-- ( 3 )  
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where 

W r  = t h e  

‘IJc = t h e  

2-r = t h e  

h e a t  r a d i a t e d  from t h e  c o n v e r t e r  

h e a t  conducted i n t o  t h e  r e s e r v o i r  

thcrixa 1 ccnc luc t iv i ty  of tlie h e a t  choke 

A1 = c r o s s - s e c L i o n a ?  a r e a  of t h e  h e a t  choke 

A2 = s u r f a c e  a r e a  o f  t h e  r e s e r v o i r  

Ax = l e n g t h  of t h e  h e a t  choke 

Tc  = c o l l e c t o r  r o o t  t empera tu re  

T r  = r e s e r v o i r  t empera tu re  

= ambient t empera tu re  
To 

7 = noltzmann c o n s t a n t  

t: = e f f e c t i v e  e m i s s i v i t y  of t h e  r e s e r v o i r  

0 
F o r  space o p e r a t i o n  of  a c o n v e r t e r ,  T i s  e q u a l  t o  0 I.: which i s  a l s o  

a zood approximation f o r  t h e  l a b o r a t o r y .  T h e r e f o r e ,  E q .  3 :an !)e writ- 

t e n  a s  

0 

% 4 - (Tc - Tr)  = JA c T 
A X  2 r  ( 4 )  

14 
Piow f o r  a g iven  geometry and set  of m a t e r i a l s ,  and d2 a r e  c o n s t a n t ,  

I f  t h e  r e s e r v o i r  t e n p e r a t u r e ,  T r y  i s  t o  be c o n s t a n t  

o v e r  a g iven  range of c o l l e c t o r  r o o t  t c rnpe ra tu re ,  T c ,  E q .  2 can  be writ- 

t e n  a s  

wliere = a p a r t i c u l a r  r e s e r v o i r  t e m p e r a t u r e .  

The o n l y  way T can be c o n s t a n t  i s  f o r  E , t h e  e f f e c -  

Tc f i r i d  t h e  rani;e of 
r 

t i v e  e t - i s s iv i t j . ,  112 var:,. prc,~c.i-!) a b  T c  1::iries. 

a T E r eq t t i r ed  f o r  Tc  mill 5i T c  max’ E q .  5 can be r e a r r a n g e d  
C 

- . A  Ax-  

Tc - i k A l  J E -  ’ Q-r + Q. ( 6 )  - 
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Equa t ion  6 i s  a l i n e a r  e q u a t i o n  between T and c ,  t h e  e f f e c t i v e  

e m i s s i v i t y o  The d e s i r e d  range of t empera tu re  r e g u l a t i o n  on t h e  

r e s e r v o i r  w i l l  occu r  o n l y  when the  s l o p e  CI of t h e  c u r v e  of E q .  6 .  

C 

Even w i t h  t h e  r e q u i r e d  s l o p e  t h e  c o n s t a n t  t e r m  9 must be of  t h e  p rope r  

magnitude t o  c e n t e r  t h e  o p e r a t i n g  t empera tu re  r a n g e .  T h i s  concept  i s  

shown s c h e m a t i c a l l y  i n  F i g .  2 - 1  which shows i n  2 - l a  t h e  extremes of 

e m i s s i v i t y  and c o l l e c t o r  t empera tu re  which w i l l  pe rmi t  r e g u l a t i o n  of 

tlie r e s e r v o i r  t empera tu re  over  t he  d e s i r e d  c o l l e c t o r  r o o t  t empera tu re  

r a n g e  

Assuming c o n d i t i o n s  6 and 7 can be s a t i s f i e d  f o r  tlie 

r ange  o f  r e s e r v o i r  t empera tu re  d e s i r e d  ( P  . 

f o r  any g iven  @, t h e  c o l l e c t o r  r o o t  t empera tu re  and E a r e  r e l a t e d  b y  a 

s imple  l i n e a r  r e l a t i o n s h i p .  Con t ro l  of t h e  e f f e c t i v e  e m i s s i v i t y  of 

t h e  r e s e r v o i r  can be ach ieved  by c o n t r o l l i n g  a r e a s  of t h e  r e s e r v o i r  

s u r f < i c e  w i t h  V ~ I I C S  of ve ry  low e m i s s i v i t y  whicli a r e  a c t i v a t e d  by b i -  

m e t a l l i c  e l e m e n t s .  T h e  e f f e c t i v e  e m i s s i v i t y  i n c l u d e s  t h e  e m i s s i v i t i e s  

of t h e  two s u r f a c e s  which view each o t h e r  ( i n  t h i s  c a s e ,  t h e  vane and 

12' t h e  r e s e r v o i r  s u r f a c e ) ,  t h e i r  a r e a s  and an a n g l e  o r  view f a c t o r  F 

I n  the s i m p l e s t  c a s e  f o r  h e a t  exchange between a body and a complete  

concave e n c l o s u r e  t h e  e f f e c t i v e  e m i s s i v i t y  i s  g iven  by :  

= 3 2 5 O C ,  Q 
rain mas 

= 375OC) 

1 
E 

F12 
E =  

' 1  \*1 1 J- € ' - -  -1 - 
2 

1 \ € *  / A  

where t! i ( .  s u b s c r i p t  1 r e f e r s  t o  the  i n n e r  and 2 t o  t h e  o u t e r  s u r f a c e s .  

The geoliletry o f  t h e  p.i\ssive c o n t r o l  i s  much more compl i ca t ed  than  t h i s  

and c a l c u l a t i o n  of F sucli as given i n  Appendix I i s  r e q u i r e d  f o r  even 1 2  
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t h e  s i m p l e s t  a n g u l a r  geometry.  

t i o n  t o  t h e  r e s e r v o i r  c o n t r o l  problem o v e r  t h e  complete  range of  

t empera tu res  i t  i s  p o s s i b l e  t o  make a c l o s e  es t imate  by c a l c u l a t i n g  

t h e  r a d i a t e d  h e a t  t r a n s f e r  from the r e s e r v o i r  f o r  maximum e m i s s i v i t y  

and minimum e m i s s i v i t y  t h a t  can be ach ieved  by any r e a l i z a b l e  c o n t r o l  

mechanism. T h i s  c a l c u l a t i o n  w i l l  e s t a b l i s h  t h e  end p o i n t s  of any 

f u n c t i o n a l  r e l a t i o n s h i p  between t h e  e f f e c t i v e  e m i s s i v i t y  and t h e  

c o n t r o l l i n g  t e m p e r a t u r e s ,  To g e t  a complete  c a l c u l a t i o n  of  t h i s  

t ype  we need t h e  r e s u l t s  of  t h e  fo l lowing  c a l c u l a t i o n s :  

Rather  t han  a t t e m p t  a n a l y t i c a l  s o l u -  

1. The amount of  h e a t  t o  be r a d i a t e d  from t h e  r e s e r v o i r  

2 .  T h e  e f f e c t  o f  t h e  o t h e r  s u r f a c e s  of t h e  r e s e r v o i r ,  i . c ' . ,  

t h e  c0ppL.r t u b u l a t i o n s  on the  r e s e r v o i r  t i p s  

3 The e f f e c t  o f  e m i s s i v i t y  change on r e s e r v o i r  h e a t  t r a n s f e r  

2 . 1 . 1 . 1  C u a n t i t y  ol: Ile'it t o  bc Rad ia t ed  from Co,:vertcr 

F i g u r e  2-2 shows t h e  c o n f i g u r a t i o n  of t h e  JPT, 

d i o d e  r e s e r v o i r  t u b u l a t i o n .  Equat ion 2 f o r  t h e  the rma l  c o n d u c t i v i t y  

i s  used t o  estimate t h e  amount of h e a t  be ing  r a d i a t e d  from t h e  reser- 

v o i r  t i p  under t h e  r ange  of o p e r a t i n g  c o n d i t i o n s  expec ted .  F i g u r e  2-3  

shows t h e  e s t i m a t e d  t empera tu re  d i s t r i b u t i o n  a l o n g  t h e  h e a t  choke and 

r e s e r v o i r  of a J P L  the rmion ic  c o n v e r t e r .  The end p o i n t s  of t h e  c e n t e r  

l i n e  are 497' and 343 

t h e  d i o d e .  This i s  t h e  c e n t e r  of t h e  d e s i r e d  c o n r r o l l i n g  r a n z e  on t h e  

JPL Conver t e r .  By drawin2 l ines  from t h e  e x t r e n e  t empera tu re  l i m i t s  on 

b o t h  t h e  r e s e r v o i r  and c o l l e c t o r  r o o t  t e m p e r a t u r e ,  t h e  extremes i n  h e a t  

t r a n s f e r  c a n  be e s t i m a t e d ,  as shown by t h e  o t h e r  c u r v e s  on F i g .  2 - 3 .  A 

similar c h a r t  has been p r e p a r e d  from t h e  EOS d a t a  and t h a t  i s  shown i n  

F ig .  2 - 4  talcen w i t h  thermocouples p l a c e d  as shown i n  F i g .  2-5.  The 

l i m i t s  of t h e  power r a d i a t e d  by t h e  r e s e r v o i r  ove r  the d e s i r e d  c o n t r o l  

r a n g e  are shown i n  F i g .  2-6  f o r  both the J P L  and EOS c o n v e r t e r .  

0 r e s p e c t i v e l y ,  as t a k e n  from t h e  d a t a  s h e e t  on 

7011-F ina l  23 
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2.1,1,2 E f f e c t  of  Copper T u b u l a t i o n  on Conver t e r  
R e s e r v o i r  Rsd i a  t ion  

A c a l c u l a t i o n  showing t h e  magnitude o f  t h e  

e f f e c t  of  t h e  r a d i a t i o n  from t h e  r e s e r v o i r  t i p  on t h e  t o t a l  r a d i a t e d  

power from t h e  r e s e r v o i r  body f o r  t h e  JPL c o n v e r t e r  h a s  been made 

u s i n g  Eq. 4 .  T h i s  e q u a t i o n  can be w r i t t e n  as: 

t 
where A c i s  e q u a l  t o  t h e  e f f e c t i v e  a r e a  of t h e  r e s e r v o i r  and A 

E i s  e q u a l  t o  t h e  e f f e c t i v e  a r e a  of t h e  r e s e r v o i r  t i p .  The t o t a l  

amount of energy t o  be r a d i a t e d  i s  e q u a l  t o  t h e  amount of  h e a t  con- 

d u c t e d  i n t o  t h e  r e s e r v o i r  and t i p  assembly which i s  e q u a l  t o  t h e  sum 

o f  W r  and W where W and W 

r e s e r v o i r  p rope r  and r e s e r v o i r  t i p ,  r e s p e c t i v e l y .  The r e l a t i v e  amount 

of  energy d i s s i p a t e d  by t h e  t i p  can be o b t a i n e d  Lrom t h e  r a t i o  of - 
and i s  e q u a l  t o  O . l l o  I n  o t h e r  words, t h e  t i p  has about  a 10 pc r -  

c e n t  e f f e c t  on t h e  t o t a l  e m i s s i v i t y .  A s i m i l a r  c a l c u l a t i o n  f o r  t h e  

EOS co1:verter y i e l d e d  t h e  same r e s u l t .  

r r  

t 

a r e  t h e  amount of h e a t  r a d i a t e d  by t h e  t r t 

Wt  

WC 

2 . 1 . 1 . 3  E f f e c t  o f  E m i s s i v i t y  Channes on R e s e r v o i r  
IIeat T r< ins fe r  

The e m i s s i v i t y  of  t h e  r e s e r v o i r  can be 

c o n t r o l l e d  by mechan ica l ly  .noviiig a r a d i a t i o n  s h i t l d  o f  low the rma l  

e m i s s i v i t y  t o  C O V C ' ~  a p o r t i o n ,  o r  a l l  o f ,  t h e  r e s e r v o i r  s u r f a c e .  Thus,  

t h a t  p o r t i o n  of t h e  r e s e r v o i r  s u r i a c e  covereh by t h e  s h i e l d  w i l l  

r a d i a t e  more o r  l ess  ene rgy ,  depending upon t h e  deg ree  of cove rage .  

I f  t h e  r e s e r v o i r  s u r f a c e  e m i s s i v i t y  i s  0.65, and t h e  s h i e l d  e m i s s i v i t y  

i s  0-1, t h e n  t h a t  p a r t  of t h e  r e s e r v o i r  s u r f a c e  covered by t h e  s h i e l d  

w i l l  have l i m i t s  o f  e f f e c t i v c  e m i s s i v i t y  of @ . G 5  t o  0 . 1  depending on 

t h e  p o s i t i o n  of  t h e  vane w i t 1 1  r p s p c c t  t o  t h e  s u r f a c e .  I f  the s h i e l d  

i s  a c l o s e  f i t t i n g  c y l i n d e r  around t h e  e n t i r e  l e n g t h  of c y l i n d r i c a l  
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r e s e r v o i r ,  and i s  so  a r r anged  t h a t  i t  can be moved ;wung away from 

t h e  r e s e r v o i r  s u r f a c e ,  t h e n  maximun c o n t r o l  of  h e a t  l o s s  f rom t h e  

r e s e r v o i r  i s  o b t a i n e d .  By u s i n g  a s h i e l d  which c o v e r s  unl:: a p o r t i o n  

o f  t h e  r e s e r v o i r  s u r f a c e  , t h e  unsh ie lded  p o r t i o n  w i l l  r a d i a t ~  1it)rmally 

b u t  t h c  r a d i a t i o n  from t h e  covered p o r t i o n  w i l l  v a r y .  Thus, an ir: ter-  

m e d i a t e  deg ree  of c o n t r o l  i s  o b t a i n e d .  

Changes i n  t h e  e m i s s i v i t y  o f  t h e  r c s e r v 3 i r  

c a u s e  co r re spond ing  changes i n  t h e  h e a t  r e j e c t e d  by t h e  r e s e r v o i r .  

S i n c e  t h i s  h e a t  i s  conducted t o  t h e  r e s e r v o i r  t h rough  t h e  h e a t  choke, 

changes i n  e m i s s i v i t y  a re  r e f l e c t e d  i n  a change i n  A t  a c r o s s  t h e  l ieat  

choke. Conversely, i f  t h e  r e s e r v o i r  t e m p e r a t u r e  i s  t o  be c o n s t a n t ,  

changes i n  the rma l  i n p u t  caused by i n c r e a s e d  o r  d e c r e a s e d  c o l l e c t o r  

r o o t  t e m p e r a t u r e  must be compensated by changing t h e  e m i s s i v i t y  of  

t h e  r e s e r v o i r  t o  t h e  p rope r  v a l u e .  T h e r e f o r e ,  a n  estimate of t h e  

amount of r e s e r v o i r  e m i s s i v i t y  change f o r  a change i n  c o l l e c t o r  r o o t  

t e m p e r a t u r e  i s  n e c e s s a r y  f o r  the d e s i g n  of a n  a c t u a l  c o n t r o l .  

Re fe r  t o  F i g .  2 - 2 ,  and assume a s h i e l d  of 

l e n g t h  B su r rounds  t h e  r e s e r v o i r .  The p r o p o r t i o n  of t h e  r e s e r v o i r  

s u r f a c e  t h u s  s h i e l d e d  i s  where L i s  t h e  t o t a l  l e n g t h  of t h e  r e s e r v o i r .  

A d d i t i o n a l  assumptions r e q u i r e d  are:  
L 

1. A l l  h e a t  l e a v i n g  t h e  r e s e r v o i r  comes th rough  t h e  heat choke. 

2 ,  The r a d i a t o r  and t i p  a r e  i s o t h e r m a l ;  t h i s  i s  r e a s o n a b l e  f o r  

a copper  s t r u c t u r e .  

3 .  E m i s s i v i t i e s  are independent  of t e m p e r a t u r e .  

4 .  For t h e  v a r i a b l e  e m i s s i v i t y  r e g i o n ,  E v a r i e s  l i n e a r l y  ove r  

t h e  range 0 .1  r; E I 0.65. 
V 

5 .  R a d i a t i o n  i s  c a l c u l a t e d  f o r  c o n s t a n t  T r a d i a t i n g  i n t o  r’ 
empty space  w i t h  no g e o m e t r i c a l  c o m p l i c a t i o n s .  

,K A 
wc = ‘\-E/ *T = w V i- w C + \.Jt 

4 W = O A C T  
V v v r  
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4 IJ = CA E T 
C c c r  

4 I.J = GA E T = c o n s t a n t  v a l u e  ;v' 0 , l  W 
t t t r  C 

where K = thernxal c o n d u c t i v i t y  of h e a t  choke 

A1 = c r o s s - s e c t i o n a l  area of h e a t  choke 

AX = l ength  of h e a t  choke 

AT = t empera tu re  d r o p  a c r o s s  h e a t  choke 

W = t o t a l  heat flux t h rough  h e a t  choke 
C 

W = r a d i a t e d  h e a t  from v a r i a b l e  e m i s s i v i t y  
V 

p o r t i o n  of r e s e r v o i r  

A = a r e a  of v a r i a b l e  e m i s s i v i t y  p o r t i o n  
V 

of r e s e r v o i r  

t' v = e m i s s i v i t y  v a r i a b l e  f o r  e m i s s i v i t y  

p o r t i o n  o f  r e s e r v o i r  

T r  = r e s e r v o i r  t e m p e r a t u r e  v a r i a b l e  e m i s -  

s i v i t y  p o r t i o n  of r e s e r v o i r  

S i m i l a r l y ,  s u b s c r i p r  c r e f e r s  t o  t h e  c o n s t a n t  

e m i s s i v i t y  p o r t i o n  of  r e s e r v o i r  and s u b s c r i p t  t r e f e r s  t o  t h e  t i p  

wh e r e A = t o t a l  a r e a  of  r e s e r v o i r  

S i m i  l a r  1 y 

E q u a t i o n  10 tlien becomes 

7 0 11 -F i n a  1 

9 = l e n g t h  of v a r i a b l e  e m i s s i v i t y  p o r t i o n  

L = t o t a l  l e n g t h  o f  r e s e r v o i r  
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t h e  q u n n t i t y  

can be c o n s i d e r e d  a n  e f f e c t i v e  e m i s s i v i t y  f o r  t h e  composi te  r e s e r v o i r  

s u r f a c e  of t o t a l  area A .  For  c o n d i t i o n s  of T = 343OC, W = 2.7W, 

U t  = 0.3W, and E 
r C 

= 0 .65 ,  E q o  3 becomes r 

€ -- 

. \L 0.65 L -i 

( ?  v L-:‘ + o . 3  ! 1- 

AT = 35 , 2 . 7  I -  - + - 

The r e s u l t s  of  c a l c u l a t i o n s  u s i n g  E q .  13 are  p r e s e n t e d  i n  F ig . .  2 - 7  

where tlie parameter  0 = f / L  i s  used f o r  convcnience.  AT has been 

t r a n s l a t e d  i n t o  L , ) l l e c t o r  r o o t  t empera tu re  by add ing  i t  t o  t l ie 

r e s e r v o i r  t e m p e r a t u r e  of  343 C .  The r ange  of 0 . 1  i c i 0 , 6 5  i s  used 

as a p r a c t i c a l  range f o r  t h e  e m i s s i v i t y  of t h e  v a r i a b l e  p o r t i o n  of 

r e s e r v o i r .  T h e  c u r v e s  show t h a t  f o r  a g i v e n  l e n g t h  of r e s e r v o i r  s u r -  

f a c e  whose e m i s s i v i t y  can be v a r i e d  l i n e a r l y  o v e r  t h e  above r a n g e ,  

t h e  h e a t  t r a n s f e r  i s  reduced l i n e a r l y ,  t h e  amount depending on a .  
For example,  t o  m a i n t a i n  tlie r e s e r v o i r  c o n s t a n t  a t  343 C ,  and t h e  

c o l l e c t o r  r o o t  t e m p e r a t u r e  i s  expec ted  t o  v a r y  between 500 and 600 C y  

a n  area of  one -ha l f  o f  t h e  r e s e r v o i r  w i l l  c o n t r o l  t h e  r e s e r v o i r  tem- 

p e r a t u r e  i f  i t s  e m i s s i v i t y  can  i n  f a c t  be v a r i e d  between 0 .1  and 0 .65 .  

T h e  method chosen f o r  v a r y i n g  t h e  e m i s s i v i t y  

o 
V 

0 

0 

i s  t h a t  of swinging two c l o s e  f i t t i n g  h a l f  c y l i n d e r s  made ol: v e r y  low 

e m i s s i v i t y  mater ia l  l i k e  p o l i s h e d  molybdenum, toward o r  m a y  from t h e  

r e s e r v o i r  a s  shown i n  F i g .  1-5” Since  a s p r e a d  of  c o l l e c t o r  r o o t  

t e m p e r a t u r e  of  100 may be e s p e c t e d ,  i t  can be s e e n  from F i g .  2-G 0 
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I 

t h a t  a vaiic o r  s h i e l d  e q u a l  t o  h a l f  tlie r e s e r v o i r  l e n g t h  i s  adequa te .  

Although t h e  r o o t  t e m p e r a t u r e  and e m i s s i v i t y  are r e l a t e d  l i n e a r l y ,  tlie 

e m i s s i v i t y  and vane  p o s i t i o n  a r e  n o t ,  due t o  t h e  compl i ca t ed  geomet r i -  

c a l  view f a c t o r  o f  t h e  s h i e l d  and r e s e r v o i r  c o n f i g u r a t i o n .  An e s t i m a t e  

of t h e  form of t h e  e m i s s i v i t y  v a r i a t i o n  as a f u n c t i o n  o€ vane a n g l e  i s  

g i v e n  i n  F i g .  2-8 .  The r e l a t i o n s h i p  between t h e  h e a t  choke t e m p e r a t u r e  

and vane  r o t a t i o n  is shown i n  F i g ,  2-3.  

2 . 1 . 2  Thcrmal I.le;isuic.incnts 

Measurements were made on t h e  h e a t  ciiolce of  tlie EOS 

c o n v e r t e r  t o  measure tlie a c t u a l  thermal  ene rgy  c o n t r o l  r ange  r e q u i r e d  

by t h e  p a s s i v e  c o n t r o l  u n i t .  T h e  resul ts  of t h e s e  mcssuremcuts a r e  

sLiown earlier i n  F i g .  2-4 .  Fi:;\ire ..-.J - , i ~ c ) w s  tile o u t l i n t :  o i  the therm- 

i o n i c  c o n v e r t e r  and the l o c a t i o n  o f  t h e  thermocouples  t h a t  were used  

f01- t h e  test. From t!icse tint;] t ’ ? ~ ‘  11 ?I.!Ix t’:ro:i;;Ii t!ic l icnt c!iolcc, 

which i s  e q u a l  t o  t h e  r a d i a t o r  therrnLil f l u x  o u t p u t ,  was c a l c u l a t e d  

f a i r l y  a c c u r a t e l y .  

To e s t i r m t c  t h e  e f f e c t  on r e s e r v o i r  t empera tu re  of  a 

r a d i a t i o n  s h i e l d  a t1iermi.oui.c cor’.vcrtcr mock-up was f ab r i ca t cc l  i n  t h e  

i d r r i i  di cl vane w;iicl; coul . !  i)c ;:ic)vcJ L ~ I L - O L I ~ ~ I  aii ‘ i l igle ,  t l lus:  c:iposii;g 

more o r  less of  t h e  thermal  c a v i t y  c o n t a i n i n g  t h e  r e s e r v o i r .  The same 

converter zi-rnr.gemc??t t l : . i t  :;:I : *.IS(’ ’ i:, t!:. p r e v i o u s  :nc.2siircncnt ( F i g .  

2-5) was used f o r  t h i s  t e s t .  The p a s s i v e  c o n t r o l  was s i m u l a t e d  by 

mounting r.ianually o p e r a t e d  r a d i a t i o n  s h i e l d s  o r  vancs on an e x i s t i n :  

EOS r a d i a t o r  r e s e i - v o i r  assembly.  The r e s e r v o i r  o f  tlic cis::cnibly had 

a n  c n i s s i v i t y  0’ approx ima te ly  0 .5 .  The vane ai:glc was changed throug;!i 

90° aiid tlie r e s e r v o i r  t empera tu res  were r e c o r d e d  w h i l e  t h e  c o l l e c t o r  

r o o t  t e m p e r a t u r e  was h e l d  c o n s t a n t  by e l e c t r o n  bombardment a t  530 C ,  

F i g u r e  2-10 shows t h e  r e s e r v o i r  t empera tu re  v e r s u s  t h e  a n g l e  of 

open ing .  T h e  r e s e r v o i r  t empera tu res  observed were h i g h e r  than nor-  

m a l  f o r  t h a t  r o o t  t empera tu re  due to tlie low e m i s s i v i t y  o f  t h e  r e s e r v o i r ,  

I n  an o p e r a t i n g  c o n v e r t e r  t h e  t empera tu re  w i l l  be lower because a h i g h -  

e m i s s i v i t y  material  such a s  Rokide “C” ( e m i s s i v i t y  = 0 0 7 8 ) ,  i s  used t o  

0 
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I 

c o a t  t h e  r e s e r v o i r  and p a s s i v e  c o n t r o l  e l emen t .  

of  36 C was o b t a i n e d  by opening the  vane from z e r o  d e g r e e s  t o  90  de- 

g r e e s .  Th i s  A t  was lower than  t h e  d e s i r e d  t e m p e r a t u r e  change o f  50 , 
b u t  an i n c r e a s e d  range  cou ld  be achieved i f  h i g h e r  e m i s s i v i t y  s u r f a c e s  

were used.  

A t e m p e r a t u r e  change 
0 

0 

Some i n i t i a l  t e s t i n g  w a s  ilolle 011 s p i r a l  b i r i e t a l l i c  

a c t u a t o r s .  A s p i r a l  b i m e t a l l i c  a c t u a t o r  w a s  wound from a s a m p l e  of  

mater ia l  obtarined from H. A .  Wilson Company. T h i s  m a t e r i a l ,  c a l l e d  

Hi -hea t  47, was t e s t e d  f o r  t o t a l  a n g u l a r  d e f l e c t i o n  by s e t t i n g  i t  on 

a h o t - p l a t e .  A f r e e ,  o r  unloaded d e f l e c t i o n  of  abou t  90 was ob- 

t a i n e d .  T h e r e f o r e ,  a n  element  loaded w i t h  t h e  vane shoul t l ,  i n  c'oi-,- 

j u n c t i o n  w i t h  mechanical  c i n p l i f i c a t i o n  of t h e  v a L w  l i n k a g e  , prov ide  

t h e  d e s i r e d  movemcnt o f  t!ie v a n e .  Morc e l a b o r . i t e  t c 3 s t : ;  o f  t i ic 1 ) i -  

m e t a l l i c  m a t e r i a l s  were made a l s o .  A b i m e t : i l l i c  s p i r a l  oL 5 inches  

by 0 , 0 2 - i n c h - t h i c k  Saflex m a t e r i a l  was mounted i n  a vacuum b e l l  j a r  

on 3 p l a t e  c o n t a i n i n g  a h e a t e r  and a s t a i n l e s s  s t e e l  p r o t r n c t o r ,  a s  

shown i n  F i g .  2 - 1 1 ,  T h e  s p i r a l  was h e l d  by a copper  hub. A thcrmo- 

c o u p l e  was a t t a c h e d  t o  t h e  hub f o r  d e t e r n i n i n g  t h e  s p i r a l  t e m p e r a t u r e .  

The d e f l e c t i o n  of t h e  p o i n t e r  shown i n  F i g .  2 - 1 1  was measured o v e r  a 

t e m p e r a t u r e  r ange  of  room tempera tu re  t o  450 C ,  The d e f l e c t i o n  of t h e  

p o i n t e r  i n  a n g u l a r  d e g r e e s  i s  p l o t t e d  v e r s u s  t h e  t empera tu re  of  t h c  

c o i l  i n  F i g .  2 -12 .  T h i s  i s  a much l i cav ie r  mater ia l  than o r i g i n a l l y  

a n t i c i p a t e d ,  b u t  i t  was f e l t  t h a t  i f  a h i g h e r  t o r q u e  m a t e r i a l  were 

needed,  some d a t a  on t h e  t h i c k e r  m a t e r i a l s  shou ld  be o b t a i n e d .  

0 

0 

A mock-up of t h e  p a s s i v e  r e s e r v o i r  c o n t r o l  i t s e l f  

c o n s i s t i n g  o f  a b i m e t : i l l i c  s p i r a l  l i n k a g e  ai4d a 1 i g l i t w t : i i : I i L  vniie weri 

3 I T  . . . . : ' J  I i ;'. > , ,- . i c ? t  u p  i:~, 2 1- 11 j 11- . . i r i .  , I  :, ' . : ~ . ' i -  t!l,' , , .  

d c € l e c t i o n  as a f u n c t i o n  of t he  c o n t r o l  t e m p c r a t u r e  ~.7as made. The 

s e t u p  i s  shown i n  F i g .  3-13. Thc d e f l e c t i o n  m a t e r i a l  was a Chace 

b i m e t a l l i c  s t r i p  No, 2500, 5 m i l s  t h i c k  T h i s  c o n t r o l  v a s  s e t  LIP 

s o  t h a t  a t  room t empera tu re  t h e  c o n t r o l  was n o t  under any n e c h a n i -  

c a l  s t r a i n ,  
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0 T h e r e f o r e ,  by t h e  t i m e  t h e  c o n t r o l  t empera tu re  h a d  r eached  140 C t h e  

vane had opened '1 f u l l  90 and was u p  a g a i n s t  a mechan ica l  s t o p .  The 

r e s u l t s  of t h e  t e s t  ( F i g .  2-14) shoved t h a t  t h i s  b i m e t a l l i c  s t r i p  had 

t h e  d e s i r e d  d e f l e c t i o n  s e n s i t i v i t y  i n  t h e  middle  r ange  o f  t h e  a n g u l a r  

d e f l e c t i o n  of t h e  v'ine. It a l s o  i n d i c a t e d  t h a t  i n  o r d e r  t o  use t h e  

c o n t r o l  a t  J. h i g h e r  t e n p c r a t u r e  i t  m u s t  be pre1oadc.l o r  p r i > s c t  s o  

t h a t  it does n o t  beg in  t o  open up u n t i l  i t s  t empera tu re  i s  n e a r  t h e  

d e s i r e d  o p e r a t i n g  r ange  t h a t  woulc! be encountered on a c o n v e r t e r ,  

The ,;lope of t h e  cu rve  i n  t h e  l i n e a r  p o r t i o n  i s  2 b o u t  1 . 2 5  angul ' i r  

d e g r e e s  per d e g r e e  c e n t i g r a d e .  Th i s  d e f l e c t i o n  i n c l u d e s  t h e  dc-  

f l e c t i o n  o f  t h e  b i m e t a l l i c  s p i r a l  i t s e l f  , p l u s  t h e  a m p l i f i c a t i o n  

o b t a i n e d  by t h e  mechaniccil  l i n k a g e .  

0 

2 .1.3 Thernos t a t  i c  Elater i a l s  

Of t h e  large nuriber of m a t e r i a l s  avLi i lL ib le  i n  b i -  

m e t a l l i c  combina t ions ,  only n few are  s u i t a b l e  f o r  t h e  a p p l i c L i t i o n  of 

t h e  p a s s i v e  r e s e r v o i r  c o n t r o l .  In f < i c t ,  even f o r  t h e  ones which are  

s u i t a b l e ,  t hey  are  marg ina l  because t h e i r  upper  t empera tu re  l i m i t  is  

s l i g h t l y  below t h e  d e s i r e d  o p e r a t i n g  range of  t h e  r e s e r v o i r  c o n t r o l .  

Three  m a t e r i a l s  chosen f o r  e v a l u a t i o n  were t h e  1Ii-1Ieat 47 and Saf  l e x  

of  bJilco D i v i s i o n  of Enelchard I n d u s t r i e s ,  and Chace No, 2500. H i -  
IIe'it 47 and Ch.ice No, 2500 a r e  ve ry  s i m i l a r  i n  t h e i r  c l u r a c t e r i s t i c s  

and t empera tu re  r a n g e s  Saf1e:c has <I m u c h  lower t o t < i l  d e f l e c t i o n  ovcr  

a g i v e n  t e n p e r a t u r e  range than has eit:iclr H i - H e a t  47 o r  Chace Lo. 2500, 

b u t  i t  has a s l i g h t l y  higher d e f l e c t i o n  s c - i s i t i J i t y  OVLL'  t l i c  proposed 

o p e r a t i n g  t empera tu re  r ange .  Th i s  i s  t h e  impor t an t  c r i t e r i o n ,  r a t h e r  

t h a n  t o t a l  d e f l e c t i o n .  Def  l e c t i o n  c u r v e s  o €  t h e  Idi lco m a t e r i a l s  a r c  

s h o ~ m  i n  F i g .  2-15 and f o r  t h e  Chace m a t e r i a l s  i n  F i  , 2 - 1 6 .  

Because t h e r m o s t a t i c  mater ia l s  are  a composite of 

two metals of d i f f e r e n t  c o e f f i c i e n t s  of expans ion ,  t hey  have r a t h e r  

u n i q u e  p r o p e r t i e s  as compared t l i t h  o r d i n a r y  m e t a l s  S t r e s s - r e l i e v i n g  

t e m p e r a t u r e s ,  t h e  w i d t h ,  t h e  t h i c k n e s s  and s o  on, a f f e c t  t h e  def l e c t i o n  

r a t e  o f  t h e r m o s t a t i c  b i m e t a l l i c  e l emen t s ,  The c o n s t a n t s  a v a i l a b l e  i n  
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v a r i o u s  c a t a l o g s  were used  f o r  i n i t i a l  c a l c u l a t i o n s  ; however, a f t e r  

t h e  p r e l i m i n a r y  d e t e m i n a t i o n s  of  t h e  t y p e ,  shape, ar..d s i z e  of  an 

element  have been made i t  shou ld  be t e s t e d  under a c t u a l  o p e r a t i n g  

c o n d i t i o n s .  T y p i c a l  p h y s i c a l  p r o p e r t i e s  of b i n e t n l l i c  m e t a l s  a r e  g iven  

f o r  t h e  Chace No. 2500 i n  TabLe 2 - 1 .  By t h e  use  of  these d a t a  and the  

e q u a t i o n s  g iven  below tlic perLorI;lailcc of a giver,  b i r . i c t n l l i c  m a t e r i a l  

and c o n f i g u r a t i o n  can be determined.  

For  a c t u a l  t he rma l  c o n t r o l  u s i n g  a b i m e t a l l i c  e l emcn t ,  

inany approaches were c o n s i d e r e d  LI T h e  p a r t i c u l a r  c a s e  a t  hand r e q u i r e d  

maximum l i n e a r  d i sp l acemen t  f o r  d e s i r e d  t empera tu re  r ange .  Informa- 

t i o n  such as  formulae and m t e r i a l s  a v a i l a b l e  was o b t a i n e d  from b i m e t a l  

m a n u f a c t u r e r s '  manuals.  I n v e s t i g a t i o n  o f  t h e i r  a p p l i c a t i o n s  t e c h n i q u e s  

i n d i c a t e d  t h a t  t o  s a t i s f y  t h e  p r e s e n t  r equ i r emen t s  of maximum mechnn- 

ic:?l motion ( b e t t e r  r e s o l u t i o n )  i n  t l ie 325 C t o  375 C r a c g c ,  i t  i s  

n e c c s s a r y  t o  use  a s p i r a l  c o i l  shape.  S i n c e  c lva i l ab lc  mounting and 

opc i - a t ing  space  i s  l i m i t e d ,  t h e  c o i l  form a l s o  a p p e a r s  t o  be t h e  b e s t  

c o n r i g u r a t i o n .  A review of: t h e  b i m e t a l  l i t e r a t u r e  sliows immediately 

t h a t  mechanical  motion ( d e f l e c t i o n )  i s  b a s i c a l l y  a fui:ctioii of  tlie 

free l eng th  o f  t h e  elcr.ient b e i n g  c o n s i d e r e d .  Nore f ree  l e n g t h  f o r  a 

g i v e n  d e f l e c t i o n  cnn be acconnnodated i n  n c o i l  form t!inn i n  any o t h e r  

shape .  T y p i c a l  c a l c u l a t i o n s  f o r  the t h r e e  t y p e s  ShOt711 i n  F i g .  1-3 

are  as fo l lows :  

0 0 

Case 1 - S t r a i F l i t - l i n e  motton clement  

2 
ICDs AT L m 

4 . 5 t  
D e T 1 .  = = 0.009 inch  ( L  = 1 i nch )  

Case 2 - T r a p e z o i d a l  C a n t i l e v e r  

2 KDs i',T L m 

t 
Def l .  = = 0 .O80 i nch  ( L  = 1 inch)  



TABLE 2-1 

E"Y S I C  AL PRO PE RT I ES 

Maximum Temperature  

U s e f u l  D e f l e c t i o n  Temperciturc Range 

Maximum S e n s i t i v i t y  Temperature Rangc 

C o i l  D e f l e c t i o n  Cons tan t  (300°F t o  850°F) K 

S t r i p  D e f l e c t i o n  Cons tan t  (300'F t o  850°F) K 

F l e x i v i t y  (lOO°F t o  300OP) F 

C o i l  Torque Constant  

S t r i p  Torque  Cons tan t  

Modulus of E l a s t i c i t y ,  l b s  per  sq inch  

E l e c t r i c a l  R e s i s t i v i t y  a t  75 F 
Ohms p e r  c i r c u l a r  m i l  f t  
Ohms p e r  s q u a r e  m i l  f t  

S p e c i f i c  Heat 

D e n s i t y ,  l b s  p e r  cu inch  

Diai:iond Pyramid Hardness (S tanda rd  P roduc t ion )  
LOW Expanding S i d e  
High Expanding S i d e  

Dc 

DS 

KPC 

KPS 

0 

1000°F 

-10O0F t o  900°F 

300°F t o  850°F 

0.00050 

0.0000040 

0.0000064 

620,000 

106,000,000 

26,500,000 

350 
27 5 
0.12 

0.29 

230 to 270 
260 t o  300 
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Cast 3 - S p i r a l  

LiT Lm 

t 
= 30' ( L  = 3 i nch )  KDC 

A = Angular D e f l .  = 

wticre K i s  a d e f l e c t i o n  c o n s t a n t ,  L i s  f r e e  l c n g t h ,  t i s  t h i c k n e s s ,  

al:d m is  s p e c i f i c  d e f l e c t i o n .  

It  i s  q u i t e  cvidci i t  t h a t  a n  a n g u l a r  d i s p l a c e n c n t  can 

be t r a n s l a t e d  t o  a l i n e a r  d i sp l acemen t  ( chord  of an a r c )  and call, i n  

f a c t ,  be t r a n s l a t e d  t o  v a r i o u s  amounts of l i n e a r  d i sp l acemen t  by 

s imply  changing t h e  l e n g t h  of the sweeping arm. A l l  o t h e r  sliapes con- 

s i d e r e d  gave t o o  little displacemellt  f o r  t h e  amount of s u r f a c e  a r e a  

they  would n e c e s s a r i l y  s h i e l d  o r  b l i n d ,  

2 . 1  . A  Conf i m i r a t i o i i  - A d a p t a b i l i t y  t o  Various C o n v e r t e r s  

Of a11 t h e  coi:vcrter c o n t r o l  concep t s  t lcscr ibcd i n  

S e c t i o n  1.0.4.2,  t h e  c o n f i g u r a t i o n  sho.c\m i n  F i g .  1-4 W ~ S  chosen a s  t h e  

f i n a l  model .  F i g u r e  1-4 i s  a c o n c e p t u a l  drLiwing o i  tile c o : i t r o l .  O n  

t h e  c o n t r o l  t h a t  was f i n a l l y  made, shown i n  F i g .  2 - 1 7 ,  t i i o  m l y  d i f -  

f e r e n c e  i s  i n  t h e  rearrangement  of t h e  vane ai:d a c t u a t i i i i ,  mechanism. 

The o p e r a t i n g  p r i n c i p l e s  ;?re i d e n t i c a l .  

The c o n t r o l  c o n s i s t s  of a inolybdenum base on which 

are mounted a copper  s t u d  wllich ho lds  t h e  b i m e t a l l i c  a c t u a t o r  c o i l ,  

t h e  b e a r i n g s  which h o l d  t h e  s h a f t  Tor tlie r o t a t i n g  vane,  and the 

mounting s a d d l e  w1iic.h clamps around t h e  r e s e r v o i r  t u b u l a t i o n .  The 

s a d d l e  clamp i s  also copper  t o  provide r a p i d  h e a t  t r a n s f e r  from t h e  

t u b u l a t i o n  t o  the c o n t r o l .  The vane i s  made of  molybdenum o r  n i c k e l  

welded t o  a s h a f t  which t u r n s  between two jeweled b e a r i n g s .  The  s h a f t  

i s  d r i v c n  by t h e  b i m e t a l l i c  a c t u s t o r  c o i l  thruugh ;i r x ~ c h a n i c a l  l i n k a g e  

t o  a m p l i f y  t h e  motion.  By p r J p c r l y  choos.ing tile dimensions , and 
making a11 i n t e r c h a n g e a b l e  s c i d d l e  mount, the c o n t r o l  can be m a d e  a d a p t -  

able f o r  e i t h e r  tiic JPL  o r  EOS c o n v e r t e r .  

w i l l  t h e r e f o r e  f i t  e i t h e r  c o n v e r t e r ;  Iiowevei-, t h e  vane shape m u s t  a l s o  

The main s u p p o r t  mechanism 
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be changed t o  accommodate each p a r t i c u l a r  geometry.  Tlie c o n f i g u r a t i o n  

i s  most e a s i l y  mounted on t h e  EOS c o n v e r t e r  because of t h e  g r e a t e r  

a c c e s s i b i l i t y  of t h e  r c s c r v o i r  t u b u l a t i o r ,  t o  t h e  c o n t r o l .  There i s  , 
however, a space  l i m i t a t i o n  due t o  tlic s m a l l  c l e a r a n c e  between the 

r e s e r v o i r  t u b u l a t i o n  and t h e  r a d i a t o r  Tin.  I f  t h e s e  were e v e r  t o  be 

made ir, q u a n t i t y ,  t h e  c o n v e r t e r  would have t o  be  des igned  t o  accommo- 

d a t e  such a r e s e r v o i r  c o n t r o l .  S i m i l a r  c o n s i d e r a t i o n s  h o l d  for  t h e  

JPL converter. For example, t h e  p r e s e n t  radiation separates the 

r e s e r v o i r  r e g i o n  f r o m  t l ie r a d i a t o r  r e g i o n  oi: t!ic? c o ~ ~ ~ ~ e r t e i - .  L J i t l i  tlic 

s h i e l d  i n  place, it i s  ex t r eme ly  d i f f i c u l t ,  ii: not  imposs ib l e ,  t o  i n -  

s t a l l  t h e  a c t u a t o r  mechanism a t  t h e  h e a t  cliolie end o f  t h e  r e s e r v o i r ,  

and make a mechanical  d r i v i n g  arrangement t o  change t h e  p o s i t i o n  of 

t h e  vane ~ 7 h i c h  i s  on t l ie o t h e r  s i d e  of t h e  h e a t  s h i e l d .  

2 . 1 . 5  Mcchanicnl Plotion A m p l i f i c a t i o n  

I n  o r d e r  t o  g e t  t h e  n e c e s s a r y  mechanical  motion t o  
0 

x l i i c v c  t h e  e m i s s i v i t y  changes shown i n  F i g .  2-7  w i t h i n  a Ct of  *5 , 
a c o n s i d e r a b l e  amount of  meclianical a m p l i f i c a t i o n  i s  r e q u i r e d .  The 

mcclianical a n p l i f i c a t  i o n  lias been ach ieved  by u s i n g  n 1 inkage which 

c o n n e c t s  t h e  end of t h e  b i m e t a l l i c  s p i r a l  w i t h  t h e  d r i v i n g  arm on tile 

a x i s  of  the vane s l i a f t .  Tlie a m p l i f i c a t i o n  i s  e q u a l  t o  the r a t i o  of  

the r a d i u s  of t h e  b i m e t a l l i c  l e v e r  t o  t l iat  of  t h e  r a d i u s  of  t h e  arm 

on tlie s h a f t .  With a l e v e r  r a d i u s  of 0 . 3  inch  and a n  a r m  r a d i u s  

Lj!- 0,060 i n c h ,  a n  a r n ; i l i f i c a t i o n  o f  5 i s  o b t a i n e d ,  which cipi’ears 

t o  bc! s u f f i c i e n t  f o r  t ! ~ c  c m t r o l  oycrntio;:  

2.1.6 Method o f  Opera t ion  and K e l i a b i l i i y  

T h e  mctliod ot J p e r a t i o n  i s  -2ost e < i s i l y  v i s u a l i z e d  by 

r e f e r e n c e  t o  F i g .  1-4 and  1 - 5 .  Two i d e n t i c a l  c o n t r o l s  a r e  mounted on 

each c o n v e r t e r ,  one on one s i d e  of  t h e  t u b u l a t i o n  and one on t h e  o t h e r .  

They are  h e l d  i n  p l a c e  by means of screws which b o l t  i n t o  t h c  opposing 

halves  oT t h e  mounting s a d d l e .  T h i s  c l a m p s  t h e  h e a t  t r a n s f e r  b lock  

t o  i t s  s o u r c e  o f  h e a t ,  t h e  r e s e r v o i r  t u b u l a t i o n .  T h e  h e a t ,  i n  t u r n ,  
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c a u s e s  expans ion  o r  c o n t r a c t i o n  of  t h e  b i m c t a l l i c  a c t u a t o r  e l emen t  

which i s  mounted 011 t h e  p o s t  connected t h e r m a l l y  t o  the  mounting 

s a d d l e .  A s  t h e  b i m e t a l l i c  s p i r a l  expands a r d  c o n t r a c t s ,  tllc 2r.d stJings 

through a n  a r c  t h u s  d r i v i n g  a rod wliicli i s  t e r m i n a t e d  i n  a c l e v i s  con- 

c e c t e d  t o  t h e  a r m  on t h e  s h a f t  of  t h e  c o n t r o l .  T h i s  s h a f t  i s  connccted 

t o  t h e  vanes which siring i n  and o u t  from around tl ie r e s e r v o i r  t u b u l a -  

t i o n  t o  c o n t r o l  i t s  e f € e c t i v e  e m i s s i v i t y ,  t h e r e b y  c o n t r o l l i n g  i t s  t e m -  

p c r a t u r e ,  

Fo r  r e l i a b i l i t y ,  ,111 p a r t s  arc  made of r e f r a c t o r y  o r  

ot l ierwise s u i t a b l e  vacuum m a t e r i a l s .  With t h e  p r e s e n t  d e s i g n ,  t h e  

l i m i t s  on r e l i a b i l i t y  a r c  caused by s e v e r a l  f a c t o r s ,  I n  t h i s  d c s i g n  

on ly  two jeweled b e a r i n g s  were used,  namely t h o s e  on t h e  s h a f t  hous ing .  

However, a l l  o t h e r  moving j o i n t s  should have jewcled b e a r i n g s  f o r  t h i s  

h i g h  t c n p c r a t u r c  spncc a p p l i c a t i o n .  O the rwise ,  g a l l i n g  o r  f r e e z i n g  of 

t h e  j o i n t s  may t a k e  p l a c c  c a u s i n g  the c o n t r o l  t o  bcco ix  i n o p e r a t i v e  

With p r o p e r l y  made jeweled b e a r i n g s  i n  encli moving j o i n t ,  tlicre i s  rLo 

r e a s o n  why t h i s  t y p e  co:-.trol could n o t  be a s  r e l i a b l e  a s  t h c  c o n v e r t e r  

i t s e l f .  'i'lie p r i n c i p a l  f a c t o r  which would improve t h e  r e l i a b i l i t y  i s  

t o  have  an arrangement  on each c o n v e r t e r  which w i l l  a c c e p t  such a con- 

t r o l  afiL! tiius e n a b l e  the c o n t r o l  i t : , ~ l f  t o  become somewiiat s i m p l e i -  i n  

i t s  mechanical  c o n f i g u r a t i o n .  

The  i n i t i a l  models used coppcr  f o r  t h e  h e a t  t r a n s f e r  

b l o c k .  Expe r i ence  h a s  shown however, t h a t  i n  s p i t e  of tlie f a v o r a b l e  

thernial  a s p e c t s  of copper ,  i t s  poor mechanical  p r o p e r t i e s  s u g g e s t  t h a t  

a s u b s t i t u t e  m a t e r i a l  l i k e  molybdenum ~ ~ h i c h  has a rc;ison:tbly h i g h  

t h e r m a l  c o n d u c t i v i t y ,  bu t  i s  s t i l l  q u i t e  s troiig m e c h a n i c a l l y ,  sl iould 

bc  used  i n s t e a d .  T h i s  w i l l  p r even t  any mounting o r  demounting d i f f i -  

c ~ 1 . l t i c s  t h a t  cou ld  a r i s e  due t o  s o f t c n i n g  of t h e  copper  o r  s t r i p p i n g  

o f  tlic t h r e a d s  i n  tapped holes i n  copper  b l o c k s .  

2 . 1  .G .1 Tcmpernturc A d  ius tment and R e p e a t a b i l i t y  

In t h e o r y ,  t h e  t empera tu re  ad j u s  t n c n t  can 

b e  o b t a i n e d  by merely p r e l o a d i n g  t h e  b i m e t a l l i c  s t r i p  so t h a t  i t  d o e s  



n o t  beg in  t o  move from a f i x e d  s t o p  p o s i t i o n  u n t i l  i t  r e a c h e s  a c e r t a i n  

t e m p e r a t u r e .  Once t h i s  t empera tu re  i s  o b t a i n e d ,  a c o n t r o l  w i l l  f u n c t i o n  

normally about  i t s  d e s i r e d  o p e r a t i n g  t empera tu re  r ange .  Attempts  t o  do 

t h i s  on the f a b r i c a t e d  c o n t r o l  were somewhat l i m i t e d  because of o t h e r  

d i f f i c u l t i e s .  On t h e  b a s i s  o f  expe r i ence  with t h i s  c o n t r o l ,  i t  i s  sug-  

g e s t e d  t h a t  a d i f f e r e n t  scheme be nrrnr.gcd t o  improve t h e  ease of 

t empera tu re  a d j u s t m e n t .  Thc r e p e a t a b i l i t y  of  t’ic c o n t r o l  as t e s t e d  

was not  a s  a c c u r a t e  a s  one ~ ~ o u l d  l i k c .  The main r eason  f o r  t h i s  l a c k  

of r e p e a t a b i l i t y  is  t h a t  t h e  c o n t r o l  i s  be ing  used as a mechanical  n u l l  

instrument. The problem w i t h  t h e  b i m e t a l l i c  s t r i p  o p e r a t i n g  as a n u l l  

d e v i c e  i s  t h a t  a t  i t s  zero p o s i t i o n  i t  113s z e r o  t o r q u e .  A s  it T ~ O V C S  

i n  c i t ? i e r  d i r e c t i o n  from t h e  n u l l  p o s i t i o n  i t  does increase t h e  t o r q u e  

t h a t  i t  a p p l i e s  t o  t h e  mectianism i t  i s  a c t u a t i n g .  Ilowever, due t o  

s t a r t i n z  f r i c t i o c  i n  b e a r i n g s  and t h e  res t  of t h e  mechanism sometimes 

a n  u n d e s i r a b l y  h i g h  A t  h a s  t o  be ach icved  b e f o r e  t h e  c o n t r o l  beg ins  

t o  move. A s  mentior.ed above,  t l l i s  problem no doubt can be o b v i a t e d  

by a r r a n g i n g  t h e  c o n t r o l  so t h a t  i t  i s  always i n  a p r e s t r e s s e d  s t a t e  

and i s  working n o t  as  a n u l l  i n s t rumen t  b u t  a s  a c o n s t a n t l y  loaded 

d e v i c e  which has been p r e v i o u s l y  c a l i b r a t e d  t o  move through a c e r t a i n  

ranzc o v e r  a g i v e n  t empera tu re  v a r i a t i o n .  The o t h e r  problem w i t h  r e -  

p e a t a b i l i t y  i s  t h a t  whereas ,  w i t h  a n  e l e c t r i c a l  c i r c u i t  which has a 

rciereiice p o i n t  dbout  which a n u l l  i s  measured, i t  i s  v e r y  d i f f i c u l t  

t o  have a mechanical  n u l l  r e f e r e n c e  when t h e r e  i s  no a v a i l a b l e  d r i v i n g  

power o t h e r  t h a n  t h e  the rma l  power of the  b i m e t a l l i c  d e v i c e  i t s e l f  

However, w i t h  s u f f i c i e n t l y  s e n s i t i v e  b i m e t a l l i c  e l emen t s  and s u i t a b l e  

mechan ica l  a m p l i f i e r s  as are Lound i n  b i m e t a l l i c  thermometers and v a l v e  

c o n t r o l s ,  i t  shou ld  be p o s s i b l e  t o  a c h i e v e  b o t h  t h e  t e m p e r a t u r e  a d j u s t -  

ment .ind r e p e a t a b i l i t y .  

2 . 1 . 7  Adv<intagcs d ~ : d  DisadvantaRes o f  a Pass ive  C o n t r o l  Unit  

T h e  p r i n c i p a l  idLra l i tage  o f  tlie p a s s i v e  c o n t r o l  u n i t  

i s  t h a t  i t  a b s o r b s  no power a t  ,111 from tlie c o n v e r t e r  and g r e a t l y  

s i m p l i f  i e s  t h e  o v e r a l l  e l e c t r i c a l  and mechan ica l  i n s t a l l a t i o n  problems 
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t h a t  a r i se  when a l a r g e  number of  c o n v e r t e r s  a r c  t o  be i n s t a l l e d  on 

a g i v e n  u n i t .  

One d i s a d v a n t a g e  i s  t h a t  t h e  problem of n e c h n n i c n l l y  

moving t h e  v a ~ . e  t o  a f f e c t  t h e  e r i i s s i v i t y  c o n t r o l  of a c o n v e r t e r  i s  

r c l a t  i v c l y  compl i ca t ed  and r e q u i r e s  a r e l a t i v e l y  s o p h i s t i c a t e d  m c -  

c h a n i c a l  d e s i g n  approach.  Another  d i s a d v a n t a g e  i s  t h a t  i f  a:iy o i  thc 

materials of e i t h e r  t h e  c o n v e r t e r  o r  t h e  r e s e r v o i r  co-:trol  i t s e l f  

cliaiigc i n  the rma l  c h a r a c t e r i s t i c s ,  ( i . e . ,  i f  t h e  s h i e l d s  da rken ,  

become c o a t e d  w i t h  any other m a t c r i n l  , o r  o t h c m i s e  change t h e i r  

e m i s s i v i t y ,  o r  i f  the  r e s e r v o i r  s u r f a c e  i t s e l f  changes t h e  e m i s s i v i t y ) ,  

i t  w i l l  have a profound e f f c c t  on t h e  c a l i b r a t i o n  of  t h e  c o n t r o l .  \dit11 

t h e  p r e s e n t l y  a v a i l a b l e  m a t c r i a l s ,  i t  i s  v e r y  hard t o  o b t a i n  both m e -  

c h a n i c a l  ruggedness and thci-mal s e n s i t i v i t y  i n  t h e  s;mc u n i t .  One oti ier 

p o s s i b l e  d i sadvan tage  i s  t h a t  i n  a g e n e r a t o r  assembly u s i n g  a m u l t i t u d e  

of c o n v e r t e r s ,  i t  i s  c o n c e i v a b l e  tliat r a d i a t i o n  i n t e r c h a n g e  between 

c o n v c r t c r s  m?y have a d e l c t c r i o u s  e f f e c t  on t h c  c a l i b r a t i o n  of  tlic 

t l i e r n o s t a t i c  c o n t r o l s  which 1imc bcen  p r e v i o u s l y  s e t  u n d e r  a d i f f e r e n t  

set o f  thermal c o n d i t i o n s .  

2 . 1  .S Coiic1usioi;s and Recomnendat i ons  

The c o n c l u s i o n s  t h a t  can be ga ined  from t h i s  d e s i g n  

s t u d y  are t h a t  i s  p o s s i b l e ,  and c'veii f e a s i b l e ,  t o  make n p a s s i v e  

' r c : ; e rvo i r  c o n t r o l .  However, i t  i s  s t r o n g l y  recoinmended t h a t  i f  t h i s  

t y p e  of  c o n t r o l  i s  s e r i o u s l y  d c s i r e d ,  a niuch more e l a b o r a t e  and cle- 

t a i l e d  s t u d y  must be made bo th  of t h e  m a t e r i a l s  t o  bc  used  and of t h e  

mechan ica l  arrangements  for a c h i e v i n g  the  a c t i v a t i o n  of  t h e  e m i s s i v i t y  

c o n t r o l  on the c o n v e r t e r s .  

2 . 2  A c t i v e  Control 

2 . 2 . 1  Thermal C a l c u l L i t i o n s  

The t l icrmal c a l c u l a t i o n s  f o r  t h e  a c t i v e  c o n t r o l  a rc  

much s i m p l e r  t h a n  t h o s e  f o r  tile p a s s i v e  c o n t r o l ,  i n  t h a t  i t  i s  o n l y  

r e a l l y  n e c e s s a r y  t o  lcnoti t h e  amount of power r a d i a t e d  ove r  t h e  e n t i r e  

7 0 1 1 - F i n a l  53 



t empera tu re  r ange .  T h i s  i n fo rma t ion  i s  d i s p l a y e d  i n  F i g .  2-6 .  With 

t h i s  iiifc,rnw.tic,r. i t  i s  a ~ > , l y  i iecessd i -y  tlieLi, t o  s u p p l y  t h e  iimouiit of 

e l e c t r i c a l  energy n e c e s s a r y  t o  make up  f o r  l o s s e s  i n  ene rgy  caused  

by changes i n  t h e  thi.rmal ilemands ni- t he rma l  load on t h c  rcsei-.J?ir. 

The the rma l  c a l c u l a t i o n s  invo lved  a r e  t h o s e  i n v o l v i n g  E q .  2 which a re  

r e l a t i v e l y  s imple  and s t r a i g h t f o r w a r d .  A l s o ,  t h e  the rma l  t ime c o n s t a n t  

of t h e  c o n v e r t e r  i t s e l f  shou ld  be known. To measure i t ,  a r e c o r d e r  was 

connected t o  thermocouples  a t  t h e  c o l l e c t o r  r o o t  and  t h e  r e s e r v o i r .  

The c o l l e c t o r  r o o t  t empera tu re  was changed and the t ime r e q u i r e d  f o r  

t h e  r e s e r v o i r  t o  react was r eco rded ,  F i g u r e  2-18 s i i o w s  t h e  t i m e  re- 

l a t i o n s h i p  of t h e  c o l l e c t o r  and r e s e r v o i r  t e m p e r a t u r e s ,  It i s  s e e n  

from t h i s  p l o t  t h a t  t h e r e  i s  no l a r g e  t i m e  d e l a y  i n  t h e  EOS c o n v e r t e r  

r e s e r v o i r  s t r u c t u r e .  The a d d i t i o n  o f  t h e  r e s e r v o i r  t empera tu re  con- 

t r o l  s e n s i n g  u n i t  and h e a t e r  w i l l  have t h e  e f f e c t  of  i n c r e a s i n g  t h i s  

t h e r m a l  t ime c o n s t a n t  s l i g h t l y ;  however, t h a t  amount i s  n o t  enough t o  

p reven t  t h e  a c t i v e  c o n t r o l  from working w i t h i n  t h e  r e q u i r e d  the rma l  

t ime  s p e c i f i c a t i o n s .  

2 . 2 . 2  C i r c u i t  DesiPn 

The c i r c u i t  d e s i g n  c o n s i s t s  o f  t a k i n g  t h e  s i g n a l  from 

a p l a t i n u m  r e s i s t a n c e  s e n s o r  and f e e d i n g  t h a t  i n t o  a b r i d g e  c i r c u i t  

w i t h  t h e  one s t a g e  o f  a m p l i f i c a t i o n  i n t o  a m u l t i v i b r a t o r  c i r c u i t  where 

t h e  b r i d g e  c o n t r o l s  t h e  pe r iod  of t h e  m u l t i v i b r a t o r  wave. T h i s  i s  f ed ,  

i n  t u r n ,  t o  a s q u a r e  wave g e n e r a t o r ,  wliose o u t p u t  i s  f ed  back t o  t h e  

h e a t e r  connected t o  t h e  r e s e r v o i r .  When t h e  u n i t  i s  f i r s t  t u r n e d  on 

o r  when t h e  r e s e r v o i r  needs more h e a t ,  t h e  o u t p u t  i s  a s q u a r e  wave 

o p e r a t i n g  a t  80 p e r c e n t  d u t y  c y c l e .  A s  t h e  c o n t r o l  comes up t o  tem- 

p e r a t u r e ,  t h i s  d u t y  c y c l e  i s  c u t  back u n t i l  t h e  c o n t r o l  i s  runn ing  a t  

a b o u t  5 pe rcen t  du ty  c y c l e ,  where i t  m a i n t a i n s  t h e  t empera tu re  c o n s t a n t  

by t h e  u s u a l  feedback mechanism. I n  a d d i t i o n  t o  t h i s ,  t h e r e  i s  a 

s t a n d b y  c i r c u i t  s e c t i o n  which e n a b l e s  t h e  c o n t r o l  t o  be t u r n e d  o f f  

and on by a command s i g n a l  from n remote l o c a t i o n .  T h i s  a l s o  a l l o w s  
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t h e  c o n t r o l  t o  remain i d l e  w i t h o u t  a b s o r b i n g  more t h a n  a few m i l l i w a t t s  

of power from t h e  power s o u r c e .  The main power i n p u t  is  a s q u a r e  wave 

of 28V ampl i tude  a t  a f r equency  of 440 117.. The s c h e m a t i c  of  t h e  com- 

p l e t e d  c i r c u i t  i s  shown i n  F i g .  2-19 .  

2 . 2 . 2 . 1  Locat ion o f  E l e c t r o n i c s  w i t h  Respect  t o  
C onve r t c r 

Because of t h e  s m a l l  amount of  power, t h e  

l o c a t i o n  of t h e  e l e c t r o n i c s  w i t h  r e s p e c t  t o  t h e  c o n v e r t e r  i s  n o t  a t  

a l l  c r i t i c a l .  In f a c t ,  t h e  c o n t r o l  box cou ld  be l o c a t e d  a t  d i s t a n c e s  

up t o  50 feet  from the c o n t r o l  w i t h  no  s e r i o u s  l o s s  i n  performance.  

The on ly  p r e c a u t i o n  t o  be observed when o p e r a t i n g  r emote ly ,  p a r t i c -  

u l a r l y  i n  t h e  l a b o r a t o r y ,  i s  t o  avoid s t r a y  a c  p i ckup  on t h e  i n p u t  

which could cause  e r r o n e o u s  s i g n a l s  t o  be f ed  i n t o  t h e  a m p l i f i e r  w i t h  

subsequen t  d e g r a d a t i o n  i n  c o n t r o l  c h a r a c t e r i s t i c s .  

2 . 2 . 2 . 2  Lend Loss C n l c u l a t  i o n s  

The o u t p u t  of t h e  c o n t r o l  is  a r r a n g e d  w i t h  

v a r i a b l e  impedance o u t p u t .  The h i g h e s t  c u r r e n t  i n  t h e  h e a t e r  c i r c u i t  

w i l l  be  on t h e  0 , 5  ohm o u t p u t  t a p ;  f o r  t h e  t o t a l  5W o u t p u t  l i m i t a t i o n  

on t h i s  c o n t r o l ,  a maximum of 3 . 5  amperes would be t h e  c u r r e n t  i n  t h e  

l e n d s .  T h i s  i s  such a small c u r r e n t  t h a t  even w i t h  wires  t h e  s i z e  of 

a No. 18 gage, t h e r e  w i l l  be  n e g l i g i b l e  l e a d  lo s s  and no d e g r a d a t i o n  

o f  performance.  

2.2 c, 3 Temperature  Sensor 

The t e m p e r a t u r e  s e n s o r  chosen f o r  t h i s  c o n t r o l  i s  n 

p l a t i n u m  r e s i s t a n c e  thermometer made by t h e  Rosemount Eng inee r ing  

Company. The dimensions and c h a r a c t e r i s t i c s  of  t h i s  s e n s o r  a r e  shown 

i n  F i g .  2-20. T h i s  p a r t i c u l a r  one w a s  chosen as b e i n g  c a p a b l e  of 

o p e r a t i n g  a t  1000 C and t h e r e f o r e ,  i t  was f e l t  t h a t  i t  would c e r t a i n l y  

be q u i t e  r e l i a b l e  a t  t h e  t empera tu re  range of 350 d e g r e e s .  It c o n s i s t s  

of a p l a t inum c a s e  su r round ing  the p l a t inum w i r e  s e n s o r  which i s  em- 

bedded i n  a v i b r a t i o n  p r o o f i n g  m a t e r i a l  such t h a t  t h e  s e n s o r  i s  under  

0 
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no mechanical  s t r a i n .  S ince  i t  i s  a pure me ta l  e lemcnt  r n t l l e r  t han  

a thermocouple which c o n s i s t s  o f  two meta ls ,  o r  even two a l l o y s ,  i t  

i s  f e l t  t h a t  t h i s  s e n s o r  should have long- t e rm s t a b i l i t y  and Rot be 

s u b j e c t  t o  d r i f t  ove r  p e r i o d s  o f  many thousands of hoilrs. 

2 . 2 . 4  C o n f i g u r a t i o n  A d a p t a b i l i t y  t o  Var ious  Conver t e r s  

The a c t i v e  c o n t r o l  is  v e r y  a d a p t a b l e  t o  any c o n f i g u r a -  

t i o n  of c o n v e r t e r .  A l l  t h a t  i s  n e c e s s a r y  i s  t o  u s e  t h e  a p p r o p r i a t e  

mounting s a d d l e  which mates w i t h  t h e  t u b u l a t i o n  on t h e  r e s e r v o i r .  For 

t h i s  r e a s o n  t h e  a c t i v e  c o n t r o l  i s  a much more f l e x i b l e  c o n t r o l  t h a n  

t h e  p a s s i v e  c o n t r o l  as f a r  as mechanical  mounting problems a r e  con- 

c e r n e d .  Two c:ont igurat ions a r e  shown f o r  t hc  a c t i v e  c o n t r o l .  The  
. .  .jifi'.i)lc: t < I .  ( 1 ,  : o I : , :  I . : !  o r  L ~ ~ ~ L , . I ~ '  s:!iic.!: gclc':, : i ~ ~ t . : i . c l  t . i i , a  t c i ' ou l . i t i o l .  

and Iiolt ls  bo t l i  t h e  i l amp  i n  p l a c e  i i ~ i d  tlic hea t e r  plate to the r e s e r -  

v , l : l - ,  i.s slio:71-~ in F i G .  2-21 '&?e side? of  L i i c  i i en t e r  p l a t e  h a s  tile 

i i c . i t G r  brn;,:.d t o  i t ,  a n d  ~ . i e  o t l i t ~ r  :,i& ! ;IS t l i c  t t :r , ip~~r.i ture sL:ilsor 

welded t o  i t .  The o t h e r  c o n t i g u r a t i o n  ' .big,. 2 - 2 2 j  kist ; , I  s a d d l t :  

mounting s i m i l a r  t o  t h o s e  used on t h e  p a s s i v e  c o n t r o l .  One s i d e  of t h e  

s a d d l e  mounting c o n t a i n s  t h e  h e a t e r  b l o c k ,  t h e  o t h e r  s i d e  has t h e  sen- 

s o r  a t t a c h e d  t o  i t ,  t h u s  t h e r e  i s  no  the rma l  load  go ing  th rough  tlie 

b l o c k  on  r;iiich t h e  s e n s o r  i s  r e s t i n g ,  T h i s  g i v e s  a more z c c u r a t e  

mcasur'e of t he  r e s e r v o i r  t empera tu re  t h a n  would be o b t a i n e d  i f  i t  were 

mouritt.d on t h e  h e a t e r  p l a t e  i t s e l f  where t h e  p o s s i b i l i t y  o f  a temper- 

a t u r c  g r a d i e n t  cou ld  a r i s e .  

2 . 2 . 5  Mcthod o f  Opera t ion  and R e l i a b i l i t y  

To put t h e  a c t i v e  c o n t r o l  i n t o  o p e r a t i o n  it  i s  o n l y  

n e c e s s a r y  t o  a t t a c h  t h e  s e n s o r  and h e a t e r  p l a t e  assembly t o  t h e  r e s e r -  

v o i r  t u b u l n t i o n  and b r i n g  t h e  l e a d s  o u t  t o  t h e  e l e c t r o n i c  c o n t r o l  c i r -  

c u i t  by means of f eed th roughs  i n  t h e  vacuum b e l l  j a r o  The r e l i a b i l i t y  

o f  t h i s  c o n t r o l  i s  l i m i t e d  o n l y  by t h e  components i n  t h e  e l e c t r o n i c  

c o n t r o l  c i r c u i t .  S i n c e  such components have been shown t o  have ex- 

t r e m e l y  h i g h  r e l i a b i l i t y ,  i . e . ,  i n  t h e  Plar iner  and t h e  Ranger s a t e l l i t e s ,  

t h i s  t h e r m i o n i c  c o n t r o l  c i r c u i t  shou ld  liavc s i m i l a r  r e l i a b i l i t y .  
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2 . 2 . 5 . 1  Temperature Ad justmc1.t and R e p e a t a b i l i t y  

The t empcra tu re  ad jus tmen t  i s  a f f e c t e d  by 

t u r n i n g  t h e  screw on a p o t e n t i o m e t e r  which i s  l o c a t e d  i n s i d e  t h e  

e l e c t r o n i c  c o n t r o l  box. The t e m p e r a t u r e  can be r e a d i l y  a d j u s t e d  

o v e r  t h e  mean o p e r a t i n g  t e m p e r a t u r e  and a h i g h  degree  of r e p e a t a b i l i t y  

i s  o b t a i n e d .  With the p r o t o t y p e  t h a t  w a s  made on t h i s  program, t h e r e  

i s  a s l i g h t  mechanical  d i f f i c u l t y  i n  f i n d i n g  t h e  same a d j u s t m e n t  p o i n t  

on t h e  p o t e n t i o m e t e r .  T h i s  can e a s i l y  be c o r r e c t e d  by a s l i g h t  change 

i n  t h e  mechanical  d e s i g n .  Other  than t h a t  t h e  t empera tu re  ad jus tmen t  

i s  e x t r e m e l y  easy and t h e  r e p e a t a b i l i t y  i s  very good. 

2.2.G Cormand F e a t u r e  

The c i r c u i t  h a s  been provided w i t h  a n  e x t e r n a l  com- 

mand l i n e  which w i l l  t u r n  t h e  c o n t r o l  c i r c u i t  on and o f f .  The s i g n a l  

r e q u i r e d  i s  a p o s i t i v e ,  1 O V  dc l e v e l  t o  be ma in ta ined  w h i l e  the c o n t r o l  

c i r c u i t  is  o p e r a t i o n a l .  Removal of t h e  s i g n a l  w i l l  put t h e  c i r c u i t  i n  

t h e  s t andby  c o n d i t i o n .  Swi t ch ing  the s i g n a l  on a g a i n  w i l l  p u t  t h e  c i r -  

c u i t  back i n t o  o p e r a t i o n .  The c o n t r o l  s i g n a l  p o i n t  h a s  been b rough t  

o u t  t o  a t e r m i n a l  on t h e  p lug  of  t h e  c o n t r o l  box, 

2 . 2 . 7  Advantages and Disadvantages of a n  A c t i v e  C o n t r o l  Un i t  

The advantages of  a n  a c t i v e  c o n t r o l  u n i t  a r e  t h a t  i t  

f u n c t i o n s  on a n  ex t r eme ly  s imple  p r i n c i p l e ,  i t  i s  e a s y  t o  a d a p t  t o  a 

v a r i e t y  of c o n v e r t e r  c o n f i g u r a t i o n s ,  it h a s  a h i g h  degree  of r e l i a b i l i t y ,  

t e m p e r a t u r e  ad jus tmen t  i s  q u i t e  easy  and r e p r o d u c i b l e ,  and t h e  r e g u l n t -  

i n g  r ange  can be a d j u s t e d  from a few d e g r e e s  t o  a few lOths  of deg rees  

w i t h  s u i t a b l e  a d j u s t m e n t s  i n  the c i r c u i t .  The e l e c t r o n i c  c o n t r o l  c a n  

be o p e r a t e d  r emote ly  from t h e  r e g i o n  b e i n g  c o n t r o l l e d .  

The p r i n c i p a l  d i s a d v a n t a g e  of an a c t i v e  c o n t r o l  u n i t  

i s  t h a t  it does a b s o r b  some power from t h e  e l e c t r i c a l  c i r c u i t .  For  

t h i s  p a r t i c u l a r  c o n t r o l ,  t h e  t o t a l  power consumed i s  on t h e  o r d e r  of  

5W a t  f u l l  power and i t  d rops  t o  about  a h a l f  w a t t  a f t e r  t h e  tempera- 

t u r e  has beconic s t a b i l i z e d .  I n  a d d i t i o n ,  i t  h a s  a s t andby  f e a t u r e  which 

w i l l  e n a b l e  i t  t o  remain i n o p e r a t i v e  w h i l e  i t  a b s o r b s  on ly  abou t  4 mW. 
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2 , 2 . 8  Conclusions a n d  Recommendations 

T h c  c o n c l u s i o n s  reached d u r i n g  the  dcsigii  of  t h e  

a c t i v e  c o n t r o l  i s  t ha t  i t  i s  a n  i d e a l  t ype  o f  c o n t r o l  t o  be used f o r  

ccsiurn r e s e r v o i r s  which r e q u i r e  a high degree  of  t empera tu re  c o n t r o l .  

While i t  i s  t r u e  t h a t  t h e  a c t i v e  c o n t r o l  does r e q u i r e  some e l e c t r i c a l  

power, t h e  overall . ; i m p l i c i t y  and r e l i a b i l i t y  of  t h e  d e v i c e  i n d i c a t e  

t h a t  this is a s11u11 p r i c e  t o  pay f o r  t h i s  t ype  o f  t empera tu re  con- 

trol. This is p c l r r i c l i l a r l y  t rue  f o r  l a b o r a t o r y  o p e r a t i o n  of c o n v e r t e r s .  

It i s  recommended t h a t  c o n v e r t e r s  i n  t h e  f u t u r e  have a p r o v i s i o n  made 

f o r  e a s y  a t t a c h m e n t  of t h e  h e a t e r  s e n s o r  u n i t  so  t h a t  there i s  no  danger  

of damaging t h e  c o n v e r t e r  o r  i t s  d e l i c a t e  p i n c h - o f f  d u r i n g  t h e  assembly 

of the c o u t r o l .  
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SECTION I11 

CONTROL UNIT FABRICATION AND CHECKOUT 

3.0 INTRODUCTION 

The a c t i v e  and p a s s i v e  c o n t r o l  u n i t s  were f a b r i c a t e d  a c c o r d i n g  

t o  t h e  p r i n c i p l e s  o u t l i n e d  above e s s e n t i a l l y  as o r i g i n a l l y  d e s i g n e d .  

During the c o u r s e  of  f a b r i c a t i o n  and checkout  however,  t h e r e  were 

some i n d i c a t e d  chanses  wliicli were f ed  back i n t o  the r a b r i c a t i o n  proc-  

ess t o  r e s u l t  i n  a n  improved c o n t r o l .  

3 . 1  P a s s i v e  C o n t r o l  Un i t  

3 . 1 . 1  F a b r i c a t i o n  Techniques 

The tccl iniqucs r e q u i r e d  f o r  f a b r i c a t i n g  t h e  p a s s i v e  

c o n t r o l  u n i t  sliown i n  F i g .  1-4 a r e  t h o s e  used f o r  t h e  f a b r i c a t i o n  o €  

t l i e r n i o n i c  c o n v e r t e r s .  That i s ,  n o s t  of t h e  materials arc e i t h e r  

r e f r a c t o r y  materials , s t a i n l e s s  s t e e l ,  o r  coppe r .  The u s u a l  nacl i ining 

p r e c a u t i o n s  f o r  making t h e  p a s s i v e  c o n t r o l  have been obse rved .  Tlierc 

are  o n l y  two p a r t s  of  the c o n t r o l  whicl: r e q u i r e d  a d i f f e r e n t  t ype  o f  

f a b r i c a t i o n  t e c h n i q u e .  One iuras the  malting of tlie b i m e t a l l i c  s p i r a l  

and the o t h e r  was c o n s t r u c t i n g  the b e a r i n g s .  

3 .1 .1 .1  Bimeta l l ic  C o i l  F a b r i c a t i o n  

The b e s t  p rocedure  f o r  making t h e  b i m e t a l l i c  

c o i l  is  t o  d e c i d e  on a g i v e n  c o n f i g u r a t i o n  and have t h e  s p i r a l  f a b r i -  

c a t e d  by t h e  manufac tu re r  of  the b i m e t a l l i c  mater ia l .  For cxperimenta? 

Irorlc,  hotrcver,  t h i s  i s  not: F e a s i b l e  and i t  i s  more p r a c t i c a l  t o  mike t h e  

s p i r a l s  i n  t h e  shop .  The s p i r a l s  a r e  made by cultin:: t h i n  s t r ips  01 

b i m e t a l l i c  material  from b i m e t a l l i c  s h e e t .  Tlic s t r ips  are  tlien 

l a s t e n e d  io a mandre l ,  a p i e c e  of paper  i n s e r t e d  Sch ind  t h e  s t r i p ,  and 
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i t  i s  wound i n t o  a s p i r a l  between two s u r f a c e s  which ac t  as g u i d e s .  

Tlie o n l y  c r i t i c a l  feaLurc o f  t h i s  o p e r a t i o n  was t h a t  the wind ing  

speed should be  c o i i t r o l l c d  v e r y  c a r e f u l l y  so Lhat the  s p i r a l  i s  ve ry  

uniform i n  i t s  r a d i u s  of  c u r v a t u r e  and i t  h a s  no sharp k i n k s  o r  bends.  

The s p i r a l s  can  be made t o  c l o s e  inward o r  open outward as they  a r e  

h e a t e d ,  depending o n  which s i d e  o f  the s t r i p  the h i g h  expans ion  c o e f -  

f i c i e n t  na t e r i a l  i s  o r i e n t e d .  A f t e r  forming,  t h e  c o i l s  shou ld  be 

l ieat  t r e a t e d  t o  r e l i e v e  any mecIianical stresses and t o  i n s u r e  t h e  

un i fo rm opera’cing c h a r a c t e r i s t i c s  over  t h e  l i f e  O F  tlie d e v i c e .  

3 .1 .1 .2  Bea r ing  F a b r i c a t i o n  

Attempts  t o  p u r c h a s e  jeweled b e a r i n g s  f o r  

u se  i n  the p a s s i v e  c o n t r o l  were not s u c c e s s f u l  because  none o f  the 

b c a r i n g  m a n u f a c t u r e r s  rnade any of these a s s e n b l i e s  i n  m a t e r i a l s  t ha t  

are  s a t i s f a c L o r y  f o r  liigli t empera tu re  vacuum u s e .  T h e r e f o r e ,  s a p p h i r e  

b e a r i n z s  of t h e  p rope r  s i z e  were o b t a i n e d  from the R .  11. B i r d  Company 

( F i g .  3-1 (a)) and a c c e p t a b l e  hous ings  were made as f o l l o w s :  small 

s t a i n l e s s  s t e e l  scrc~..~s s i z e  2-56 uere d r i l l e d  o u t  t o  natcli the o u t s i d e  

d i a m e t e r  of  the  s a p ; ) h i r e  b e a r i n g .  Small  t u n g s t e n  s i r i i i g s  were 1.7ound 

t o  f i t  i l l s i d e  t h e  drilled sc re~ ,7 .  Tliese s p r i n g s  w i l l  a c t  a s  a p r e l o a d  

f o r  t h e  b e a r i n g .  The b e a r i n g  i s  assembled by i n s e r t i n g  tlie s p r i n g  i n  

tlie h o l e ,  p u t t i n g  tile b e a r i n g  on t o p  o f  t h e  s p r i n g ,  and f o l l o w i n g  

tliat w i t h  a s t a i n l e s s  s t e e l  r e t a i n i n g  ;usher which i s  then  h e l d  i n  

place by ro l l i n ! ;  ove r  tlie end of  the  screw as shown i n  F i g .  3 - l ( b ) .  

TI12 p r i n c i p a l  d i f f i c u l t y  i n  nak inz  t h e s e  b e a r i n g s  i s  t h e i r  small s i z e .  

Tliis  sr.ial1 s i z e  r e q u i r e s  watch imking t e c h n i q u e s  f o r  a c c u r a t e  and 

r e p e a t a b l e  c h a r a c t e r i s t i c s  of the b e a r i n g  d c v i c e s .  I f  t h e  b e a r i n g  

a s senb ly  i s  no t  c a r e f u l l y  r.iade, t he  jeweled b e a r i n g  i t s e l f  nay n o t  

s l i d e  p r o p e r l y  i n s i d e  i t s  hous ing  and nay  s t i c k ,  t hus  n o t  a c t i n g  as a 

s p r i r i s - l o a d e d  b e a r i n g .  

3.1.2 IIaiidliny, and C1 e a n i n z  Tccliiiiques 

S i n c e  a l l  o f  tliese f i i a t e r i a l s  are  standarc! vacuum 

materials t h e  u s u a l  c l e a n i n g  and h a n d l i n g  techi i iques a p p l y  t o  t h e  
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f a b r i c a t i o n  of  t h i s  r e s e r v o i r  c o n t r o l  assembly.  The b i m e t a l l i c  e le-  

ments a f t e r  h e a t  t r e a t i n g  were c l eaned  i n  a c i d  and t h e n  fo l lowed  by 

t h e  u s u a l  u l t r a s o n i c  c l e a n i n g  t echn iques .  The b e a r i n g  a s s e m b l i e s ,  due 

t o  t h e i r  r e l a t i v e l y  d e l i c a t e  n a t u r e ,  and t h e  f a c t  t h a t  t h e y  have many 

h idden  recesses were c l eaned  o n l y  by u l t r a s o n i c  c l e a n e r  t echn iques  i n  

s o l v e n t s .  

3.1.3 A d a p t a b i l i t y  t o  Various Conver t e r s  

The c o n t r o l  as shown i n  F i g .  1-4 i s  a d a p t a b l e  t o  

v a r i o u s  c o n v e r t e r s  r,ierely by changing t h e  s a d d l e  n o u n t i n g  whicli con- 

n e c t s  the r e s e r v o i r  c o n t r o l  t o  the t u b u l a t i o n .  The o n l y  problem i n  

i n t e r c h a n g e a b i l i t y  i s  one of mechanical  i n t e r f e r e n c e  r r i t h  t h e  moving 

parts of t h e  c o n t r o l  and v a r i o u s  s t r u c t u r a l  e lements  of  the thermionic  

c o n v e r t e r  on which i t  i s  mounted. I d e a l l y ,  each  c o n v e r t e r  would have 

a mounting b r a c k e t  o r  pad on which t h e  r e s e r v o i r  c o n t r o l  could  be 

mounted. This would s o l v e  t h e  problem o f  a d a p t a b i l i t y .  

3 . 2  Tcsting 

3 . 2 .  1 Method 

P r e l i m i n a r y  tes ts  on mockups were d e s c r i b e d  above i n  

S u b s e c t i o n  2 . 1 . 2 .  The f i n a l  assembly was t e s t e d  by noun t ing  i t  f i r s t  

on a n  EOS and then  on a J P L  c o n v e r t e r  and s c - t i n ,  up i n  t h e  b e l l  j a r  

t o  obse rve  i t s  behav io r .  The c o n v e r t e r  w a s  t h e n  o p e r a t e d  i n  i t s  u s u a l  

f a s h i o n  w i t h  t h e  o u t p u t  v o l t a g e s  of  thermocouples  mon i to r ing  t h e  t e m -  

p e r a t u r e  o f  t h e  r e s e r v o i r  and  a s t r i p  c h a r t  r e c o r d e r  mon i to r ing  t h e  

c o l l e c t o r .  

3 . 2 . 2  C r i t e r i a  and Dura t ion  

Each c o n v e r t e r  r a n  a minimum of 2 4  hours  i n  vacuum 

a t  t empera tu re .  The c r i t e r i a  f o r  j udg ing  t h e  performance i n c l u d e d  t h e  

t empera tu re  s t a b i l i t y  and t h e  sixootliness o f  c o n t r o l  a c t i o n .  

3 . 2 . 3  R e s u l t s  

The t e s t  r e s u l t s  f o r  t h e  p a s s i v e  c o n t r o l  were r a t h e r  

d i s a p p o i n t i n g .  For t h e  EOS c o n t r o l  t h e  o p e r a t i o n  was e r r a t i c  i n  t h a t  
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a v e r y  l a r g e  C t  was r e q u i r e d  b e f o r e  any mot ion  was obse rved  i n  t h e  

v a n e s .  A t empera tu re  r e c o r d  showing the t e m p e r a t u r e  o f  tlie r e s e r v o i r  

d u r i n g  the c o n t r o l  o p e r a t i o n  i s  g iven  i n  F i g .  3 - 2 .  

No a c t u a l  expe r imen ta l  r e s u l t s  cou ld  be o b t a i n e d  w i t h  

the  EOS r e s e r v o i r  co: i t rol  mounted o n  the JPL  c o n v e r t e r  because of 

t h e  ncc l i an ica l  i n t e r f e r e n c e  w i t h  the  c o n t r o l  o p e r a t i o n  by  tlie r a d i a -  

t i o n  h e a t  s h i e l d  tliat i s  a t t a c h e d  t o  tlie JPL  c o n v e r t e r .  

3 . 2 . 3 . 1  Tndividual  Conver ters Without  C o n t r o l  Unit  

Tlie i n d i v i d u a l  c o n v e r t e r s  w i t h o u t  c o n t r o l  

u n i t s  were made a l s o  w i t h o u t  h e a t e r s  and w i t h o u t  any Rokidc "C" c o a t -  

i n g  t o  i n c r e a s e  t h e  e m i s s i v i t y  on t h e  r e s e r v o i r s .  Without any c o a t i n g  

t h e r e  i s  a tendency f o r  the r e s e r v o i r  t o  become too  warm. The power 

i n p u t  on these p a r t i c u l a r  c o n v e r t e r s  t h e r e f o r e ,  liad t o  be used as a 

p a r t i a l  c o n t r o l  m a s u r e  o f  Llie r e s e r v o i r  t o  p r e v e n t  any o v e r h e a t i n g .  

3 . 2 . 3 . 2  Thermal T i m e  C o n s t a n t  of C o n t r o l  Un i t  

The thermal  t i m e  c o n s t a n t  of  the c o n t r o l  

uni t :  i s  o f  tlie same o r d e r  as  tlie thermal  t ine  c o n s t a n t  o f  the r e s e r -  

v o i r  i t s e l f ,  s i n c e  they have about  the  same tlierixal mass. IIowever, 

a the rma l  lag was introctuced because o f  t h e  f a c t  t h a t  a l a r g e  G t  had 

t o  b u i l d  up i n  o r d e r  t o  overcome t h e  s t a r t i n g  f r i c t i o n  of  the b e a r i n g s .  

T h i s  r e s u l t e d  i n  a n  e f f e c t i v e  i n c r e a s e  i n  t i m e  c o n s t a n t  o v e r  tliat 

which would be  t h e r e  i f  t h e  c o n t r o l  were working more smoothly.  

t he rma l  t ine  c o n s t a n t ,  i n  t h e o r y ,  f o r  il sinootl1ly ;mrl<ing p a s s i v e  con- 

t r o l  should be a t  l ea s t  no longer  t h a n ,  aiid p r e f e r a b l y ,  less t h a n ,  t h e  

t h e r m 1  time c o n s t a n t  of  the r e s e r v o i r  i t s e l f .  

The 

3 . 2 . 3 . 3  Temperature S t a b i l i t y  o f  C o n t r o l  Un i t  

Because o f  s e v e r a l  f a c t o r s ,  p a r t i c u l a r l y  

the s t i c k i n g  F a c t o r  ment ioned above , the t e m p e r a t u r e  s t a b i l i t y  of t h e  

c o n t r o l  u n i t  vas n o t  as good as d e s i r e d .  Hotrevcr, i n  p r i n c i p l e ,  tliere 

i s  110 r e a s o n  why the thermal  s t a b i l i L y  shou ld  n o t  be  as good as tlie 

mater ia ls  w i t h  which Lhe c o n t r o l  i s  made. Tlie o n l y  na t c r i a l  wliich 
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w i l l  s u f f e r  any long  tern d e g r a d a t i o n  a t  h i g h  t empera tu re  ove r  t h e  

l i f e  o f  t h e  c o n t r o l  would be t h e  b i m e t a l l i c  e l emen t .  A t  t h i s  time no 

d a t a  are a v a i l a b l e  on t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  of  b i m e t a l l i c  

m a t e r i a l s  n e a r  t h e  upper l i m i t  o f  t h e i r  t empera tu re  c a p a b i l i t y .  Long- 

term tes ts  will have  t o  be  r u n  i n  o r d e r  t o  de t e rmine  what t he  r e l i -  

a b i l i t y  o f  t h e s e  d e v i c e s  r e a l l y  would b e .  

3 . 3  A c t i v e  Con t ro l  Uni t  

3 .3 .1  F a b r i c a t i o n  Tecliniques 

The f a b r i c a t i o n  t echn iques  r e q u i r e d  f o r  making t h e  

ac t ive  c o n t r o l  were i d e n t i c a l  w i t h  t h o s e  used f o r  t h e  p a s s i v e  c o n t r o l  

as f a r  as t h e  I i ea l e r - senso r  b lock  i s  concerned .  The shea thed  h e a t e r  

was b razed  t o  t h e  copper  s a d d l e  e lement .  One s i d e  of  t h e  copper  

s a d d l e  and t h e  p la t inum s e n s o r  w a s  f a s t e n e d  t o  t h e  o t h e r  s i d e  o f  t h e  

s a d d l e  b lock .  At tempts  t o  b r a z e  the  p l a t inum r e s i s t o r  t o  t h e  b lock  

were n o t  s u c c e s s f u l  so t h e  mounting t echn ique  w a s  changed a s  f o l l o w s :  

a n i c k e l  p iece was b razed  t o  t h e  copper  b lock  and t h e  p la t inum s e n s o r s  

t h e n  s p o t  welded t o  t h a t .  S i n c e  t h e  n i c k e l  i s  v e r y  t h i n ,  t h e r e  i s  no 

dange r  of  any s e r i o u s  t empera tu re  g r a d i e n t s  be ing  i n t r o d u c e d .  

The e l . e c t r o n i c  c o n t r o l  p o r t i o n  of t h e  act ive c o n t r o l  

w a s  c o n s t r u c t e d  u s i n g  t h e  s t a n d a r d  e l e c t r o n i c  components mounted on 

c i r c u i t  b o a r d s .  These c i r c u i t  boards  are t h e n  mounted i n s i d e  a small 

alurninun box which w i l l  p r o t e c t  and s h i e l d  t h e  e l e c t r o n i c  c i r c u i t s .  

A view of  t h e  h e a t e r  and s e n s o r  u n i t s  f o r  b o t h  t h e  

J P L  and EOS c o n v e r t e r s  i s  shown in F i g .  3-3. V i s i b l e  i n  t h e  p i c t u r e  

are  t h e  h e a t e r  and s e n s o r  u n i t s  themselves ,  t h e  i n s u l a t e d  l e a d s  f o r  

t h e  s e n s o r ,  and a thermocouple f o r  i ndependen t ly  mon i to r ing  the t e m -  

p e r a t u r e  o f  t h e  r e s e r v o i r .  The ends o f  t h e  h e a t e r s  have s p e c i a l  con- 

n e c t o r s  which were developed  t o  p rocec t  t h e  d e l i c a t e  h e a t e r  ends .  

A view o f  t h e  e l e c t r o n i c  c o n t r o l  c i r c u i t  i s  shown i n  

F i g .  3-4. The major  items o f  i n t e r e s t  i n  t h i s  p i c t u r e  are t h e  c o n t r o l  

p o t e n t i o m e t e r  wliicli i s  n t r i m p o t  t h a t  i s  a d j u s t e d  through a h o l e  i n  
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the c a s i n y  2.nd t h e  o u t p u t  t r a n s € o r m e r .  Tlie out;’ut  trai?sLorixer i s  a 

t o y s i d a l  c o r e  :ype r h i c h  is  Iaoiind ~ r o  y o v i d e  t h r e e  impedance ta?s  f o r  

d i f  ferci l t  heater r e q u i r e n e n t s .  ?‘lie t r ans fo rmer  i s  b o l t e d  t o  t h e  c a s e  

as shorrn i n  t h e  p i c t u r e .  

3 . 3 . 2  Handl ing a d  Cleaning Techniques 

Tlle l ieater-5e:isur u n i t s  for b o t h  the COS and JPL  

c o n v e r t e r s  were hand led  i n  ;lie xsua l  way t h a t  t i icrmionic  c o n v e r t e r s  

arc  i ia i id led ,  The cl-eniiin:; techiiiqiles iised were Lliosc o f  b r i g h t  d i p  

For Llie copper folloi7ed by s u i t a b l e  r i n s e s  eiidiiiz up w i t l :  u l t i - a s o n i c  

c l e a n i n g  i n  a lco l io l .  Since tr1:ese par t s  are  q u i t e  m a l l ,  tlierc i s  

abso l  u t c l y  no d i f f i c u l t y  i n  eit l ler  li:iiiclli:ig or c1eaiii;iZ tlien w i t h  thc 

usrial l a b o r a t o r y  e q u i p n e n t .  

3.4  T e s t i n g  

3 . 4 . 1  N e t h o d  

Tlie a c t i v e  c o n t r o l s  were tes ted  by  nountin:: o n  tlie 

c o i i v c r t e r s  w l i i c !~  were e s p e c i a l l y  ilade w i t h o u t  any heaters. “he coil- 

v c r t e r  and c o n t r o l  u n i t  were tlien mounted i n s i d e  the vacuun b e l l  j a r  

i n  tlie u s u a l  n o u n t i n g  a r r a n g e n e n t  used f o r  t e s t i n g  tlie t h c r n i o n i c  

c o n v e r t e r .  Tiiermocouples xrere used t o  mon i to r  the t empera tu res  of 
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t h e  r e s e r v o i r  and c o l l e c t o r  root assembly by  r e c o r d i n g  on  a s t r ip  

c i i a r t  r e c o r d e r .  BoLh t h e  t empera tu re  rr;iigc and the L i m e  1-cs:)onse o f  

the control were measured by v a r y i n g  t h e  c i r c u i t  r e f e r e n c e  p o i n t  and 

t h e  t h e r m 1  i n p u t  t o  ;lie con7Jcrier.  The c l r c u i t  perrormance i t s e l f  

was checked by o b s e r v i n g  tlie waveform as t h e  c o n t r o l  o p e r a t e d  from 

F u l l  power t o  c o n t r o l  po.r?c>r 1 i i n i  ts .  

3 . 4 . 2  CriLeria and Dura t ion  

Tlic Follovring c r i t e r i a  were used t o  e v a l u a t e  t h e  

performance o f  t h e  c o n t r o l .  For changes i n  the  c i r c u i t  r e f e r e n c e  

p o i n t ,  t h e  the rma l  t i m e  r e sponse  was used a s  a measure o f  t h e  pcr form-  

ance  oL tlic c o n t r o l  c a y a b i l i t y .  For  step c1ia:igcs i:i t h c r n a ?  l o a d i n g  

of  tlie d i o d e ,  t h e  s t e a d i n e s s  of  tlic r e s e r v o i r  t empera tu re  was used as 

a c r i t e r i o n .  For tlie e v a l u a t i o n  of t h e  c i r c u i t ,  the p e r c e n t  of on- 

t ime as  measured by an o s c i l l o s c o p e  17as used as a measure of tlic 

o p e r a t i o n  o f  the c i r c u i t .  Tile tes ts  were r u n  f o r  p e r i o d s  o f  t i m e  

l ong  enough to c o l l e c t  tlie data  d e s c r i b e d  i n  t h e  n e x t  s e c t i o n .  I n  

addition, a 24-hour t e s t  at t empera tu re  was conducted t o  t e s :  t!ie 

s t a b i l i t y  o f  tlic c o n t r o l  o v e r  a long p e r i o d  of t i m e .  

3 .4 .3  R e s u l t s  

3 4 . 3 . 1  Time Response 

The time response o f  botli tile J P L  and EOS 

d i o d e s  x7as measured, For s t e p  clianges i n  t h e  c i r c u i t  r e f e r e n c e  p o i n t .  

I n  b o t h  cases,  t h e  t e s t  was s t a r t e d  w i t h  t h e  r e s e r v o i r  s t a b i l i z e d  at 

the 10wc;t r e q u i r e d  o p e r a t i n g  t empera tu re ,  namely, 325 C .  For each 

r u n ,  tile r e s e r v o i r  was s t a l ~ i l i z e d  a t  325  C ,  t h e  c o n t r o l  p o i n t  a d j u s t e d  

to some upper t empera tu re  i i z i t ,  and the time r e s p o n s e  obse rved .  The 

sequence  was r e p e n t e d  f o r  each clla:ige i n  t empera tu re .  The r e s u l t s  of 

t h e  t e s t s  f o r  the two c o n v e r t e r s  a r c  d i s p l a y e d  i n  F i g s .  3-5 and 3 - 6 .  

T h e  t ine  r e s p o n s e  f o r  the EOS c o n v e r t e r  i s  G t o  7 minu te s  f o r  t h e  

change i n  ter. iperature ove r  t h e  complete r ange  o f  325  t o  3 8 0  C .  This  

response t h e  i s  c o n s i d e r a b l y  under tlie 19 minu tes  a l l o m d  f o r  i n  t h e  
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s p e c i f i c a t i o n .  The J P L  c o n v e r t e r ,  on t h e  o t h e r  hand ,  r e q u i r e d  t h e  

f u l l  t e n  minutes  t o  r e a c h  365 C ,  a span s l i g h t l y  less than  a 50 d e g r e e  

span  d e s i r e d  f o r  t h e  program. 

mass of t h e  J P L  r e s e r v o i r  and t h e  l a r g e r  h e a t  p a t h  connec t ing  t h e  r e s e r -  

7;oir t o  t h e  c o l l e c t o r ,  more power i s  needed f o r  r a p i d  c o n t r o l  of t h e  

J P L  c o n v e r t e r  t h a n  f o r  t h e  EOS c o n v e r t e r .  Thus,  t h e  t ime r e sponse  i n  

t h i s  c a s e ,  was l i m i t e d  by t h e  5W of power a v a i l a b l e  from t h e  c o n t r o l .  

F i v e  watts was t h e  s t i p u l a t e d  max imr im power t h a t  t h e  c o n t r o l  should 

u t i l i z e  i n  c o n i r o l l i u g  the  tcnpcratdrc of Llie diodes. 

0 

Because of t h e  r e l a t i v e l y  l a r g e r  t he rma l  

3 .$ .3 .2 Load C!;;l!l[;ec; 

‘ilie c o n v e r t e r s  i ~ c r e  t e s t e d  t o  see t h e  e f f e c t  

of  l a r g e  load changes on c o n v e r t e r  r e s e r v o i r  t empera tu re .  For t h e  

t e s t ,  tlie c o n v e r t e r  iJas s t a b i l i z e d  a t  a g i v e n  load  c u r r e n t  w i t h  t h e  

r e s e r v o i r  t empera tu re  be ing  s e t  a t  350 C .  l’lie load  c u r r e n t  vas then 

changed s::ddenly t o  3 new v a l u e  and t ime allowed f o r  the  c o l l e c t o r  t o  

e s t ab l i s11  a new o p e r a t i n g  tempera ture  a t  t h i s  c u r r e n t  level. A t  the  

same time tlie t empera tu re  w.s monitorcc!. The r e s u l t s  o f  t l iese measure-  

ments  ( F i g s .  3-7 and 3 - 8 )  slio~r t h a t  f o r  t1ic n o s t  extreme l o a d  v a r i a t i o n s  

( f rom 0 t o  GO amperes) t h e r e  was no c!isceriii!’l .! cliange i n  tlie r e s e r -  

v o i r  t eu ipera ture .  This  i n d i c a t e d  t h a t  tlie rcser. :air  was ve ry  a d e q u a t e l y  

c o n t r o l l e d  by t h i s  combina t ion  o f  e l e c t r o n i c  c i r c u i t  and h e a t e r - s e n s o r  

U! l i  t . 

0 

3 .le ~ 3 . 3  C i r c u i t  I ieasurements 

P r i o r  t o  making t h e  t e s t s  t l escr ibcd  above ,  a 

t e s t  o f  tlie e l e c t r o n i c  c i r c u i t r y  c o n t r o l  u n i t  was made u s i n g  a n  a v a i l -  

a b l e ,  though somevTliat o v e r s i z e d  p l a t e .  A Rosemount p l a t inum s e n s o r  

X J ~ S  welded 1 d the h e a r e r  p l a t e  t o  compl.ete t h e  u n i t .  The t empera tu re  

wns ::ieasured w i t h  n thermocouple wliicli was a t t a c h e d  t o  t h e  p l a t e  nex t  

t o  tlie p l a t inum r e s i s t a n c e  s e n s o r .  The h e a t e r  s e n s o r  p l a t e  was then  

inounted i n  the v3cuui-,i b e l l  j a r  t o  s i m u l a t e  vacuum env i ronmen ta l  condi -  

t i o n s .  E l e c L r i c a i  connec t ions  t o  tile e x i e r n a l  e l e c t r o n i c  c o n t r o l  

77 
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c i r c u i t  m r e  made througli tlie v a c u u ~  feedtlirouglis . The coinplete s y s -  

t e n  w a s  s u b j e c t e d  t o  s t e p  f u n c t i o n  changes i n  power and the t i m e  re-  

q u i r e d  f o r  t h e  s e n s o r  p l a t e  t o  respond thermal  l y  was measured. 

F i g .  3-9 shows t h e  t i m e - t e n p e r a t u r e  r e l a t i o n s h i p .  

This 1.7as a t e s t  t o  s i m u l a t e  t h e  a c t u a l  

o p e r a t i o n  of t h e  c o n v e r t e r  p r i o r  t o  t h e  t i m e  t h e  f i n a l  h e a t e r  seiisor 

u n i t s  were made. The purpose of i n c l u d i n g  t h e s e  d a t a  h e r e  i s  t o  

c o r r e l a t e  t h i s  t e s t  w i t h  o s c i l l o s c o p e  measurements on t h e  o u t p u t  v o l t -  

age waveform as t h e  power denand i s  clianged o n  tlic c i r c u i t .  For t h c  

t o p  c u r v e  i n  F ig .  3 - 9 ,  t h e  du ty  c y c l e  changed from 86 t o  50 p e r c e n t  

on t h e  o u t p u t  mvefor:n.  For the  second c u r v e ,  the  change was from 

75 t o  25 p e r c e n t  d u t y  c:vrcle. F i g .  3-10 shows a pliotograph of  t h e  

waveform o f  t h e  o u t p u t  v o l t a g e  o f  tlie e l e c t r o n i c  c o n t r o l  c i r c u i t  f o r  

d i f f e r e n t  c u r r e n t  c o n d i t i o n s .  These a r e  i n d i c a t e d  i n  t h e  f i g u r e  a;id 

show tlie b e h a v i o r  of t h e  c o n t r o l  c i r c u i t  o v e r  f a i r l y  wide t empera tu re  

r a n g e s .  A s  less and less power i s  denandcd from tlic c o n t r o l  c i r c u i t ,  

t h e  l e a d i n g  edge o f  tlie c o n t r o l  o u t p u t  v o l t a g e  waveform has i n c r e a s i n g  

j i t t e r .  This i s  sliown i n  F i g .  3-10 by what might be  c a l l e d  a band 

s t r u c t u r e  of i n c r e a s i n g  w i d t h  a t  each c o n t r o l  s e t t i n g ,  as shown i n  t h e  

Osc i l l og rap l I .  Tliis j i t t e r  i s  due t o  GO c y c l e  a c  pickup i n  t h e  l a b o r a -  

t o r y  which would n o t  be n o t i c e d  i n  a b e t t e r  s h i e l d e d  i n s t a l l a t i o n .  

The pickup however, does n o t  i n t e r f e r e  i n  any m y  w i t h  t h e  o p e r a t i o n  

of  the c o n t r o l ,  nor i t  i n  no tray r educes  t h e  e f f e c t i v e n e s s  o f  i t s  

o p e r a t i o n .  

3 . 4 . 3  4 I Je iZ l i t s  

The weight  o f  the c i r c u i t  and h e a t e r - s e n s o r  

asscrnbly a r e  shown i n  Tab le  3-1 and are  e x c l u s i v e  o f  connec t ing  cable  

and case.  Two items c o n t r i b u t e  t o  the we igh t  i n  e x c e s s  o f  tlie 6 oz  

s t a t e d  i n  t h e  vork s t a t e m e n t .  

1. The o u t p u t  t r a n s f o r m e r  h a s  a tapped o u t p u t  f o r  inpedalice 

matching.  A s i n g l e  secondary wind ing  t r a n s f o r m e r  would 

p robab ly  weigh b e t i ~ e t n  2 and 2 . 5  o z ,  a r e d u c t i o n  of  1 .3  

t o  1 . 8  o z .  
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2. T!ie t imer  c i r c u i t  r e q u i r e d  f o r  low standby powcr o p e r a t i o n  

;nay n o t  a c t u a l l y  he needed a c c o r d i n g  t o  p r c l i m i n a r y  t e s t  

r e s u l t s .  If n o t ,  1 . 9  0% a d d i t i o n a l  w i l l  be s a v e d .  

TLIELE 3-1 
S UP, S k’ S TEN WE I GII TS 

I tern - 
Heater ckt board o n l y  

Output t r a n s f o r m e r  

T i m e r  c k t  board o n l y  

EOS h e a t e r  - s e n s o r  assembly 

J P L  heater-sens or  assembly 

T o t a l  EUS s c n s o r / c i r c u i L  

T o t  a 1 J P L  s e n s o r  / c ii- c u i  t 

We i ~ $ 1  t 

1 . 9  o z  

3 . 8  0 2  

1.9 o z  

0 . 5  oz  

0 . 9  01 

7 . 6  3 L  

8.0 o z  

The t o t a l  c o n t r o l  we igh t s  can  be betwcen 3 . 9  o z  w i t h o u t  t he  timer c i r -  

cu i t :  and 6 . 3  o z  v i t l i  t h e  t i r i c r  c i r c u i . t  and s i n g l e  wincli iq secoldclry, 

i n  the c a s e  o f  tlie EOS c o n v e r t e r  c o n t r o l .  S i m i l a r l y  f o r  c l ~ e  JPL ,  

t h e  V7eight r a n s e  i.s 4 . 3  t o  6. 7 0: : .  I t  t h u s  appears t h a t  f o r  :I c i r c i i i t  

a ccu ra t e ly  na tchcd  t o  i t s  load and w i t h  c a r e f u l  a t ’ iencion t o  sxall 

details tlie G oz w e i g h t  maximum i s  easi!!. a c h i e v a b l e .  B:r way o f  con- 

t r a s t  t h e  t o t a l  wei.ght o f  the p a s s i v e  r e s e r v o i r  c o n t r o l  i s  abo~ii:  0 . 3  0 2 .  

3 . 4 . 3 . 5  Ad ius  tments o f  Opera t ing  Tcmpera t~ : r e s  

The ad j u s t n c n t  o f  the  o p e r a t i n g  t e m p e r a t u r e  

of the a c t i v e  c o n t r o l  i s  made by t u r n i n g  tlie screw on t h c  potcnt iom- 

e t e r  shorm i n  F i g .  3-L t .  Tliis i-oteri t iometer was i n t e n t i o n a l l y  r c c c s s e d  

t o  t h e  i n s i d e  o f  t h c  c o n t r o l  s o  t ha t  i t  i ~ o u l d  n o t  be d i s t u r b e d  by 

h a n d l i n g .  I f  i t  i s  d e s i r e d  t o  make t h i s  c o n t r o l  more a c c e s s i b l e ,  a 

s i n p l e  e x t e n s i o n  s h a f t  c a n  bc !2ounted t o  tliis and brought LJ t he  o u t -  

s i d e  of  tlie c o n t r o l  b o s .  



CONCLUSIONS iZND RECOFDENDATIONS 

4 . 1  A c t i v e  C o n t r o l  

A s  a r e s u l t  of t h e  measurements d i s c u s s e d  a b o v e ,  i t  c a n  be 

concluded t h a t  t h e  a c t i v e  c o n t r o l  as des igned  and d e m o n s t r a t e d ,  more 

than  a d e q u a t e l y  meets the s p e c i f i c a t i o n s  o u t l i n e d  f o r  i t s  performance.  

For ease of a s sembl ing  or d i sa s sembl ing  t h e  h e a t e r  s e n s o r  u n i t  on t h e  

c o n v e r t e r ,  i t  would be  a d v i s a b l e  t o  p r o v i d e  a mounting pad on t h e  

r e s e r v o i r  i t s e l f .  By p r o v i d i n g  a s p e c i f i c  mounting p l a c e ,  a h i g h  

d e g r e e  of r e p r o d u c i b i l i t y  can  be ob ta ined  w i t h  c o n t r o l s  t h a t  have 

been f a b r i c a t e d  and c a l i b r a t e d  s e p a r a t e l y  from t h e  c o n v e r t e r  i t s e l f .  

4.2 P a s s i v e  C o n t r o l  

The p a s s i v e  c o n t r o l  has been shown t o  be c a p a b l e  of p r o v i d -  

i n g  a moderate  d e g r e e  of c o n t r o l  of t h e  r e s e r v o i r  t e m p e r a t u r e .  The 

p r i n c i p a l  d i f f i c u l t i e s  a re  (1) t h e  c o n t r o l  a c t u a t i n :  mechanism must 

be  l o c a t e d  c l o s e  t o  t h e  h e a t  sou rce  and ( 2 )  t h e  c o n v e r t e r  o p e r a t i n g  

t e m p e r a t u r e  r e q u i r e s  t h a t  t h e  b i m e t a l l i c  material  used f o r  t h e  c o n t r o l  

a c t u a t o r s  are  working n e a r  o r  beyond t h e i r  maximum, l o n g - l i f e  r a t i n g s .  

It has  a l so  been found t h a t  w i t h  the  low d e f l e c t i o n  s e n s i t i v i t i e s  of 

s u i t a b l e  b i m e t a l s ,  some degree  of mechanical  a m p l i f i c a t i o n  such as 

used i n  thermometers and p r e c i s i o n  t h e r m o s t a t i c  c o n t r o l s  i s  r e q u i r e d .  

A l l  moving p a r t s  must be  mounted i n  s a p p h i r e  b e a r i n g s  f o r  h i g h  temper- 

a t u r e  s p a c e  a p p l i c a t i o n s .  

By i n t e g r a t i n g  t h e  d e s i g n  of v a r i a b l e  e m i s s i v i t y  s u r f a c e s  

i n t o  t h e  c o n v e r t e r  r e s e r v o i r  and c o l l e c t o r  r a d i a t o r  d e s i g n  and by 

a p p l y i n g  h i g h  t e m p e r a t u r e ,  h igh  vacuum t e c h n i q u e s  t o  a s o p h i s t i c a t e d  

t h e r n a l - m e c h a n i c a l  c o n t r o l  s y s t e m ,  a t r u l y  p a s s i v e  r e s e r v o i r  cou ld  be  

a t t a i n e d .  

7 0 11 - F i n a l  84 
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APPEI?DIX I 

CONFIGURATION FACTOR STUDIES AND DATA 
(Taken f r o m  A S D  Technical R e p o r t  G1-119 Part I) 



S e c t i o n  VI1 

CONFIGURATION FACTOR STUDIES A x i l  DATA 

C O N F I G U R A T I O N  E’ACTOR E V A L U A T I O N  

O n e  of t h e  m o s t  d i f f i c u l t  arccis  i n  t hc  ai;;klysis  of r a d i a t i o n  hcclt transfer 
is p r o p e r  c a l c u l a t i o n  of t h e  g e o m e t r i c  c o n f i g u r , r t i o n  f a c t o r .  kis.siccll:y, :he 
c o n f i g u r a t i o n  f a c t o r  F ~ z  from A1 t o  AZ i s  dcfiried as t h e  f r a c t i o n  of the total 
r a d i a n t  flux l e a v i n g  A1 t h a t  is i n c i d e n t  upon A2. The c o n f i g u r a t i o n  f a c t o r  
frotn a p l a n e  p o i n t  sou rce  to a f i n i t e  b u r f a c t ‘  ( c  U I I I I I I U I ~ ; ~  known d b  a c!ii icren- 
t i a i - f i n i t e  c o n f i g u r a t i o n  f a c t o r )  is obtdined b y  i n t c g r a t i o n  o v e r  A t ,  cinti t h e  
mean c o n f i g u r a t i o n  factor from a f i n i t e  s o u r c e  ( f i n i t e - f i n i t e  c o n f i g u r a t i o n  
f a c t o r )  is t h e  a v e r a g e  of t h e  p o i n t  c o n f i g u r a t i o n  f a c t o r s  o v e r  t h e  f in i t e  s o u r c e .  
The i n t e g r a l  e x p r e s s i o n  f o r  t h e  d i f f e r e n t i d - f i n i t e  c o n f i g u r a t i o n  f a c t o r  i r o r n  
d A 1  t o  A2 is g i v e n  by 

( L ( i 3 )  

T h e  i n t e g r a l  e x p r e s s i o n  for the  f i n i t e - f i n i t e  c o n i i g u t a t i o n  f ac to r  i r o m  
A1 t o  A2 is g i v e n  i n  the S e c t i o n  I33 d i s c u s s i o n  on  r a d i a n t  h e a t  exchange  
b e t w e e n  s u r f a c e s .  

As a n  e x a m p l e  ( f r o m  R e f e r e n c e  LO) c o n s i d e r  t h e  two m u t t i i i i l y  p<bri>c:tlc.i- 
c u l a r  s u r f a c c s  s h o w n  i n  F i g u r e  57. 
s u r f a c e  is a s s u m e d  t o  be t h e  o r i g i n ,  w i t h  t h c  s, y,  a n d  z ~ N C S  ‘16 sllowr,. 
h o r i z o n t a l  s u r i a c e  h a s  o v e r a l l  d i m e n s i o n s  of D and W wii i lc  those of the  
v e r t i c a l  a r e  H a n d  W. Thus  

The l e f t - h a n d  c o r n e r  of thc  h o r i z o n t a i  
‘ A ‘ I , ~ .  

f f c o e o ,  c o d ,  

- 153-  



A2 

x 

F i g u r e  57. Geomet ry  for C.alc\llntion of Configllration Frictol- fo 1- 
Two Mut ii;i 11 y P c r pc n d i c u h  r S u r f a c c s 

w h e r e  
z case. = - 

I s  
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t he re fo re  

H D W W  

Integrating Equat ion 206 y ie lds  

1. If the a r e a s  i n  question c a n  b e  absumccl  infinite 111 one : r i ~ t ' ~ t ; o ~ L ,  

t h e r e  are s c v e r a l  v c r y  simple arid rapid methods avc i i l s i> le  mfi:n 
which to obtain the configuration factor.  

If s t e p  1 d o e s  not f i t  the problem,  the ncst s t e l )  is to i i s ~ b  t a ~ l c s  

a re  d i s c u s s e d  in thifi section and provide solLitioiis io  LL I . \ . r l>t)cr  
of different  configurations,  with the he ip  of iorrn i a c t o r  cr!,t'triL. 

8 8  

2. 
and c h a r t s  which are dvailable for  s,>c*cific c G I - d i ~ i ~ r - ~ t i o r A & .  r L - 3  , r e b e  

3. If the p r e v i o u s  steps are  not aciecjuate, there  is  c ~ v ~ i ~ ~ ~ h ! ~  d n  I:3rV: 
p r o g r a m  which ca lcu la tes  the conf ig i ra t ion  fdcto; !>ciwecii Any 
two plane areas i f  they a r e  in the f o r m  of i x r a l l e i o g r a n , s .  


